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Álvaro Auñón and Dolors Rodrı́guez-Pardo et al.

Prosthetic Shoulder Joint Infection by Cutibacterium acnes: Does Rifampin Improve Prognosis?
A Retrospective, Multicenter, Observational Study
Reprinted from: Antibiotics 2021, 10, 475, doi:10.3390/antibiotics10050475 . . . . . . . . . . . . . . 119
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Preface to ”Prosthetic Joint Infection: The Challenges

of Prevention, Diagnosis and Treatment and

Opportunities for Future Research”

Joint replacement is a common and increasingly performed surgical procedure. The most

commonly replaced joints are the hip and knee, although virtually all extra-axial joints can be

replaced. Prosthetic joint infections (PJIs) are devastating complications with significant patient

morbidity and mortality and considerable healthcare and societal costs. Although the percentage

of PJIs in patients with joint replacements could be considered low (1–3% for elective primary

arthroplasties), the increasing frequency of such procedures transforms an apparently low risk

into a substantial and growing burden of infection. Nevertheless, the risk of PJIs is higher in

revision procedures and in specific groups of patients. Indeed, in most developed countries, PJIs

are considered a major public health problem.

PJI is a paradigm of biofilm-associated infection. The presence of biofilm influences and

complicates the prevention, diagnosis, and treatment of PJI. Eradication of the infection requires

surgery and antimicrobial therapy. Close collaboration between all medical and surgical specialists

involved is a critical component of the care of patients with PJI.

In this complex scenario, despite the considerable amount of research conducted in recent

decades on the prevention, diagnosis, treatment, and outcome of PJIs, many questions remain

unanswered. Indeed, most recommendations in this area are based on expert opinion due to the

limitations of the available information.

This Special Issue aimed to advance knowledge and broaden our perspectives on the prevention,

diagnosis, management, and outcomes of PJI.

Natividad Benito, Óscar Murillo, and Jaime Lora-Tamayo

Editors
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Abstract: Surgical antimicrobial prophylaxis (SAP) is important for the prevention of prosthetic joint
infections (PJIs) and must be effective against the microorganisms most likely to contaminate the
surgical site. Our aim was to compare different SAP regimens (cefazolin, cefuroxime, or vancomycin,
alone or combined with gentamicin) in patients undergoing total knee (TKA) and hip (THA) arthro-
plasty. In this preclinical exploratory analysis, we analyzed the results of intraoperative sample
cultures, the ratio of plasma antibiotic levels to the minimum inhibitory concentrations (MICs) for
bacteria isolated at the surgical wound and ATCC strains, and serum bactericidal titers (SBT) against
the same microorganisms. A total of 132 surgical procedures (68 TKA, 64 THA) in 128 patients
were included. Cultures were positive in 57 (43.2%) procedures (mostly for coagulase-negative
staphylococci and Cutibacterium spp.); the rate was lower in the group of patients receiving combi-
nation SAP (adjusted OR 0.475, CI95% 0.229–0.987). The SAP regimens evaluated achieved plasma
levels above the MICs in almost all of intraoperative isolates (93/94, 98.9%) and showed bactericidal
activity against all of them (SBT range 1:8–1:1024), although SBTs were higher in patients receiving
cefazolin and gentamicin-containing regimens. The potential clinical relevance of these findings in
the prevention of PJIs remains to be determined.

Keywords: surgical antimicrobial prophylaxis; knee arthroplasty; hip arthroplasty; prosthetic joint
infection; surgical site infection prevention; prosthetic joint infection prevention; intraoperative
cultures; antibiotic levels; serum bactericidal titer
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1. Introduction

Prosthetic joint infection (PJI) is a serious complication associated with substantial
morbimortality and economic costs [1]. Microorganisms introduced at the time of surgery,
contiguous spread from adjacent infected tissue, and hematogenous seeding from a remote
site are considered the usual routes of infection, although the former is believed to be the
most frequent [1]. The risk of infection developing after microbial contamination of the sur-
gical field depends on the dose and virulence of the pathogen and the patient’s resistance
to infection [2]. Surgical antimicrobial prophylaxis (SAP), considered to be one of the most
important preventive strategies, can help offset this by reducing the risk of surgical site
infections (SSIs), including PJIs [3,4]. The goal of SAP is to eradicate bacteria inoculated
into the wound at the time of surgery. From a pharmacodynamic point of view, antimi-
crobial levels should be maintained above the minimal inhibitory concentration (MIC) of
the pathogens most likely to contaminate the surgical field for the whole duration of the
operation [5–7]. Cefazolin or cefuroxime (first- and second-generation cephalosporins,
respectively) and vancomycin in cases of beta-lactam allergy, are the antibiotics most
commonly used and recommended in current guidelines, although there are no data sup-
porting the superiority of one class of antimicrobials over another for SAP in total joint
replacement [5,6]. Furthermore, studies have suggested that a growing proportion of SSIs
(including PJIs) following arthroplasty procedures are caused by organisms resistant to first-
and second-generation cephalosporins, including both Gram-positive (mainly methicillin-
resistant staphylococci), and Gram-negative bacteria (such as some Enterobacterales or
Pseudomonas aeruginosa) [8–11]. In light of this, various expanded combination SAP regi-
mens have been proposed and analyzed in small clinical studies, with different effects but
no conclusive results because of their methodological limitations [12–17]. Consequently,
routine prophylactic use of dual antibiotics (such as cephalosporins and aminoglycosides
or cephalosporins and vancomycin) is not currently recommended [18].

Conclusively demonstrating the superiority of one SAP regimen over another in clini-
cal studies involves overcoming a number of problems. Ideally, randomized controlled
trials would be conducted, but these would require an extraordinarily large number of
participants (thousands) due to the relatively low incidence of PJI (1–2%). Furthermore,
follow-up duration would be extremely long—at least two years—to take account of de-
layed cases of PJI. [19]. Before considering any clinical trial, therefore, the prophylactic
regimens to be compared should be carefully evaluated. A preclinical exploratory analysis
of potential SAP regimens using microbiological, pharmacokinetic (PK), and pharmacody-
namic (PD) studies could be a very useful step. Using this approach, the aim of our study
was to compare intraoperative bacterial contamination and the activity of six SAP regimens
against microorganisms isolated in the surgical wounds of patients undergoing elective
primary total knee (TKA) and hip (THA) arthroplasty surgery. We analyzed the following
data obtained at the end of surgical procedures: (1) bacteria isolated from surgical wounds
(rate and etiology); (2) free plasma antibiotic concentrations relative to the MICs of the
isolated microorganisms and some reference American Type Culture Collection (ATCC)
strains; and (3) serum bactericidal titers (SBTs) against the same microorganisms.

2. Patients and Methods

2.1. Setting and Patients

This prospective study was conducted at two acute care university hospitals in
Barcelona, Spain (Hospital de la Santa Creu i Sant Pau and Hospital del Mar). The Institu-
tional Review Boards of the two participating hospitals approved the study.

Patients undergoing elective primary total knee and hip replacement surgery between
June 2016 and March 2020 were included. Three orthopedists recruited patients who
agreed to participate in the study and provided written informed consent. Each of the
four cephalosporin-containing regimens was sequentially administered to consecutively
enrolled patients; penicillin-allergic patients received vancomycin or vancomycin and
gentamicin. Preoperative whole-body bathing or showering with chlorhexidine soap
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on the day of the surgical procedure and the night before was indicated. Alcoholic 2%
chlorhexidine was used as antiseptic for skin preparation before surgical incision.

A minimum follow-up of one year was planned after prosthesis implantation in order
to diagnose possible postoperative PJIs; this minimum period of follow-up is still ongoing
in some patients.

2.2. Surgical Antimicrobial Prophylaxis Regimens

Patients received cefazolin (2 g), cefuroxime (1.5 g), or vancomycin (15 mg/kg total
body weight), alone or in combination with gentamicin (5 mg/kg total body weight) as SAP.
Antibiotics were administered intravenously within 60 min prior to incision, except for
vancomycin, which was given up to 120 min prior to incision.

2.3. Sample Collection

Blood samples (3–5 mL) were collected at the end of surgery in heparinized and
gelose-containing tubes. After centrifugation, serum and plasma samples were stored at
−80 ◦C ± 5 ◦C until testing for antimicrobial levels and SBT titers.

Five standard perioperative tissue samples were collected from each patient at the
end of surgery and sent for culture. All samples were obtained after implantation of the
prosthesis and before wound closure. In TKA surgery, two tissue samples were collected
from around the femur, two from around the tibia, and one from the subcutaneous tissue.
In THA surgery, two tissue samples were collected from around the acetabulum, two from
around the femur, and one from the subcutaneous tissue.

2.4. Determination of Antibiotic Levels

Plasma concentrations of cefazolin and cefuroxime were determined by a validated
high-performance liquid chromatography (HPLC) method with a UV-Vis spectrophotomet-
ric detector, and those of gentamicin and vancomycin by chemiluminescent microparticle
immunoassay (Alinity, Abbott). For the HPLC assay, 100 μL of each plasma sample was
mixed with 200 μL of methanol and vortexed for 10 s. The mixture was then centrifuged
for 5 min at 15,000× g in a refrigerated centrifuge and 20 μL of the supernatant was in-
jected into the system for the assay (Alliance e2695, and 2487 HPLC Absorbance UV-Vis
Detector, Waters). The method was shown to be sensitive and specific for the measure-
ment of cefazolin and cefuroxime in plasma. The assay response was linear (coefficient
of linearity >0.99) over the full range of concentrations assayed (0.5–200 mg/L for cefa-
zolin and 0.5–100 mg/L for cefuroxime). The limit of quantification was 0.5 mg/L for
both cefazolin and cefuroxime. Imprecision values were < 15% over the entire range of
calibration standards, and accuracy was within the range of 85–115% for all concentrations.
Total measured concentrations of cefazolin, cefuroxime and vancomycin were adjusted to
free concentrations, assuming protein binding of 80%, 40% and 50%, respectively [20,21].
Protein binding of gentamicin was considered to be negligible [21,22].

Antibiotic levels were considered appropriate when their free plasma concentration
was above the MIC of pathogens isolated from the wound at the time of the prosthetic joint
implant surgery, or the MIC of the ATCC strains studied.

2.5. Microbiological Methods

Tissue samples were homogenized in 1 ml of sterile saline using a sterile mortar and
pestle, and 100 μl volumes were inoculated onto each plate of blood agar (BioMerieux,
Marcy l’Etoile, France) and chocolate agar (BioMerieux, Marcy l’Etoile, France), both in-
cubated in aerobic conditions, and Schaedler agar (BioMerieux, Marcy l’Etoile, France)
incubated in anaerobic conditions. The remaining homogenate was inoculated into thio-
glycollate broth. Cultures were incubated for seven days at 35 ± 2 ◦C. Bacterial isolates
were identified using MALDI-TOF (Bruker, Bremen, Germany). Antimicrobial susceptibil-
ity was determined by either gradient diffusion (Liofilchem, Roseto degli Abruzzi, Italy)
or disk diffusion (Rosco Diagnostica, Taastrup, Denmark) and interpreted according to
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EUCAST [23]. Bacterial isolates were tested against the antibiotics used in each prophy-
laxis. For staphylococci, resistance to cefazolin or cefuroxime was inferred from resistance
to cefoxitin.

While microbiological diagnosis of PJI requires that at least two of a minimum of
five intraoperative cultures (obtained at the surgery to treat the infection) yield the same
microorganism, however the present study represented a different scenario. Prosthetic
joint implantation is clean surgery, and therefore, a very low bacterial inoculum is expected
in the surgical field. For this reason, we considered any growth on any of the plates as a
positive culture, and a patient with a single positive culture was rated as having a positive
intraoperative culture. Culture-positive results were blinded, and patients were not given
antimicrobial treatment on the basis of these results. The only antibiotic administered to
patients was the surgical prophylaxis.

SBT was performed with sera collected at the time of surgical closure from patients
with positive intraoperative cultures and measured against the patient’s respective bacterial
isolates. In addition, SBT was performed with sera from patients with positive intraopera-
tive cultures and a subset of patients with negative cultures against the reference strains
Staphylococcus epidermidis ATCC 12228, Staphylococcus aureus ATCC 25923, Escherichia coli
ATCC 25922 and P. aeruginosa ATCC 27853. The assays were performed by the microdi-
lution method, according to the Clinical Laboratory Standards Institute guidelines [24],
with some modifications.

Two-fold serial dilutions of patient serum were prepared in cation-adjusted Mueller
Hinton broth (Thermo Scientific, USA) or Mueller Hinton supplemented with lysed horse
blood (Thermo Scientific, USA). The dilution range was 1:2–1:1024. Plates were incubated
at 35 ± 2 ◦C for 24 h or 48 h. The SBT titer was defined as the highest dilution of patient
serum at which a ≥99.9% reduction in the starting inoculum was achieved. Reciprocal SBT
values were used to calculate median SBTs.

2.6. Statistical Methods

Categorical variables were summarized as percentages of the total sample for that
variable, and continuous variables as means and standard deviation (SD) or median and
interquartile range (IQR), depending on their homogeneity. The Wilcoxon rank-sum and
Chi-squared tests (or Fisher’s exact tests when appropriate) were used to evaluate group
differences for continuous and categorical variables, respectively. A multivariate logistic
regression model was used to identify factors independently associated with a higher risk
of having positive intraoperative cultures. Any variable tested in univariate analysis with
a p-value less than 0.25, together with all variables of known clinical importance, were se-
lected as candidates for the first multivariate model. We then followed the purposeful
selection of covariates method described by Hosmer and Lemeshow [25]. Final parameter
estimates are shown as odds ratios (ORs) with their corresponding 95% confidence intervals
(CIs). p-values of < 0.05 were considered to be significant for all statistical tests. Data were
analyzed using IBM® SPSS®, version 26.0.

3. Results

3.1. Patients and Surgical Antimicrobial Prophylaxis

A total of 132 surgical procedures for joint replacement (68 TKA and 64 THA) were
performed in 128 patients (four patients underwent two different procedures at different
times). Seventy-two (56.3%) patients were female, and the median age was 71 years (SD 8.6)
(Table 1). The SAP regimens administered were: cefazolin, in 22 (16.7%) procedures,
cefuroxime in 20 (15.2%), vancomycin in 11 (8.3%), cefazolin plus gentamicin in 39 (29.5%),
cefuroxime plus gentamicin in 20 (15.2%) and vancomycin plus gentamicin in 20 (15.2%).

During a median follow-up of 15 months (interquartile range, IQR, of 21), two PJIs
(1.5%) were diagnosed. A 72-year-old woman with no underlying pathology, BMI 33,
ASA II, and an uneventful 88-min surgery in which she received cefuroxime as prophylaxis,
presented a THA infection caused by S. aureus (methicillin-susceptible) five weeks after
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prosthesis implantation. Free plasma concentration of cefuroxime at the end of the surgery
was 9 mg/L. The second was a TKA infection caused by Morganella morganii, which occurred
one month after a 100-min surgery. The patient was a 74-year-old diabetic woman, BMI 38.5
and ASA III, who received cefazolin plus gentamicin as SAP. In this case, free plasma
concentration of cefazolin was 15.4 mg/L and gentamicin 15.2 mg/L. Both patients had
negative intraoperative cultures during prosthesis implantation.

Table 1. Patients undergoing primary total knee and hip arthroplasty surgical procedures, with and without positive
intraoperative cultures.

Variable

Intraoperative Cultures

p-Value

Multivariate
Analysis

p-Value
Positive
(n = 57)

Negative
(n = 75)

OR (CI 95%)

Sex—number of males or females with positive
cultures/total number of males or females,
respectively (%) 0.023

2.412
(1.170–4.973)

0.017

- Male
- Female

31/57 (54.4)
26/75 (37.7)

Age, years—mean (SD) 71 (9.6) 72 (7.9) 0.615

BMI—mean (SD) 29.9 (5.1) 29.1 (4.9) 0.393

Antimicrobial prophylaxis—number of
culture-positive patients with each type of
prophylaxis/total of patients receiving each type
of prophylaxis (%)
- Cefazolin
- Cefuroxime
- Vancomycin

9/22 (40.9)
13/20 (65)
6/11 (54.5)

0.293

- Cefazolin
- Cefazolin + gentamicin

9/22 (40.9)
14/39 (35.9) 0.698

- Cefuroxime
- Cefuroxime + gentamicin

13/20 (65)
9/20 (45) 0.204

- Vancomycin
- Vancomycin + gentamicin

6/11 (54.5)
6/20 (30) 0.180

- Cefazolin, cefuroxime, and vancomycin
- Cefazolin + gentamicin, cefuroxime +

gentamicin and vancomycin + gentamicin

29/79 (36.7)

28/53 (52.8)
0.067 0.475

(0.229–0.987)
0.046

Prosthesis location—number of patients with a
hip or knee prosthesis and positive cultures/total
number of patients with hip or knee prostheses,
respectively (%)
- Hip
- Knee

30/64 (46.9)
27/68 (39.7)

0.406

Surgery duration, minutes—mean (SD) 75 (18.8) 78 (20.2) 0.363

CI, confidence interval; OR, odds ratio.

3.2. Intraoperative Cultures

At least one of the five tissue samples taken yielded positive culture results in 57
(43.2%) surgical procedures: 39.7% (27/68) were TKA and 46.9% (30/64) THA. The number
of positive samples per patient ranged from one to five (median 2, IQR 1). There were no
substantial differences in culture yield between subcutaneous tissue samples (20 positive
culture samples from 57 procedures, 35.1%) and those from deep tissue (the four deep
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samples yielded positive cultures in 25, 17, 20 and 25 cases, respectively, with a mean of
21.8, 38.2%).

Table 1 shows the characteristics of patients undergoing primary THA and TKA,
with and without positive intraoperative cultures. With respect to single-drug prophylaxis,
patients receiving cefazolin had the lowest percentage of positive cultures, while patients
with combined SAP regimens less frequently had positive intraoperative cultures than
those with a single drug, although these differences were not statistically significant. In the
adjusted analysis, we found that males had a two-fold higher risk of positive cultures than
women, while gentamicin-containing SAP regimens were associated with a lower risk of
positive cultures.

Overall, a total of 94 bacterial isolates—all of them Gram-positive bacteria—were
identified. The most frequently isolated microorganisms were coagulase-negative staphy-
lococci (CoNS), 42 (44.7%), followed by Cutibacterium spp., 34 (36.2%). The predominant
individual species was Cutibacterium acnes (35.1%). Polymicrobial isolation occurred in
23 (40.4%) culture-positive surgical procedures (14 of 30 THA [46.7%] and 9 of 27 TKA
[36.3%]; p = 0.451). Cutibacterium spp. or CoNS were isolated in more than half of culture-
positive surgeries (Table 2). Cutibacterium spp. was more frequently found in THA than in
TKA surgery.

Table 2. Bacterial species isolated from intraoperative samples during total hip and knee replacement surgical procedures
with positive cultures.

Bacterial Species
Surgical Procedures

(n = 57)
THA

(n = 30)
TKA

(n = 27)
p-Value *

Cutibacterium species—n (%) 34 (59.6) 22 (73.3) 12 (44.4) 0.026
- Cutibacterium acnes
- Cutibacterium avidum

33
1

21
1

12
0 0.051

Coagulase-negative staphylococci—n (%) 30 (52.6) 15 (50) 15 (55.6) 0.675
- Staphylococcus epidermidis 19 (33.3) 8 (26.7) 11 (40.7) 0.399
- Staphylococcus hominis 12 (21.1) 8 (26.7) 4 (14.8) 0.441
- Staphylococcus warneri
- Staphylococcus simulans
- Staphylococcus capitis
- Staphylococcus caprae
- Staphylococcus haemolyticus
- Staphylococcus pettenkoferi
- Staphylococcus saccharolyticus

3
2
1
1
1
1
1

1
2
1
1
0
0
1

2
0
0
0
1
1
0

Micrococcus luteus—n (%) 8 (14.0) 4 (13.3) 4 (14.8)

Corynebacterium species—n (%) 4 (7.0) 3 1
- Corynebacterium afermentans
- Corynebacterium pseudodiphteriticum
- Corynebacterium accolens
- Corynebacterium mucifaciens
- Corynebacterium propinquum
- Corynebacterium simulans

1
1
1
1
1
1

0
1
1
1
1
0

1
0
0
0
0
1

Paenibacillus lautus 1 1 0

Actinomyces neuii 1 1 0

Dermabacter hominis 1 0 1

Kocuria rhizophila 1 1 0

THA, total hip arthroplasty; TKA, total knee arthroplasty. * Statistically significant differences between percentages were considered when
an organism or group of organisms was isolated in more than ten surgical procedures.

6



Antibiotics 2021, 10, 18

3.3. Susceptibility of Bacterial Isolates and ATCC Strains, Antibiotic Plasma Levels and Serum
Bactericidal Titers

Supplementary Table S1 shows in detail the following data of patients with intra-
operative positive cultures: plasma levels of antibiotics used as SAP, bacteria isolated
and the corresponding MICs of the antimicrobials administered, and SBT against the
isolated bacteria.

Cefazolin MICs determined in 38 bacterial isolates obtained from patients receiving
this antibiotic (with or without gentamicin) ranged from 0.032–64 mg/L. There were five
(13.2%) cefazolin-resistant isolates, of which four were CoNS and one was Paenibacillus lau-
tus. Cefuroxime MICs for 37 isolates ranged from 0.016 to 16 mg/L, one (2.6%) of which
was resistant (S. epidermidis). MICs of vancomycin were determined in 16 isolates with a
range of 0.125–2 mg/L; none of the isolates showed resistance. MICs of gentamicin for
42 strains ranged from 0.047 to 24 mg/L, with 22 (52.4%) resistant isolates (C. acnes and
one Staphylococcus warneri).

Overall, 94.5% (86/91) of bacterial isolates were susceptible to the particular SAP
regimen administered (or to at least one of the antibiotics in a combination regimen).
With respect to single-drug cephalosporin prophylaxis, 82.3% (14/17) and 96% (24/25) of
isolates were susceptible to cefazolin and cefuroxime, respectively. The rate of susceptible
isolates was higher for combinations with cephalosporins plus gentamicin: 95.2% (20/21) in
the case of cefazolin, and 100% (13/13) in the case of cefuroxime, although these differences
were not statistically significant. Plasma levels of antimicrobials used in prophylaxis were
determined in 130 (98.5%) patients (blood samples could not be obtained from two patients).
Median plasma levels and ratios to MIC are shown in Table 3.

Table 3. Prophylactic plasma antimicrobial levels in culture-positive surgical procedures and ratios
of these antimicrobial levels to the minimum inhibitory concentrations (MICs) for bacteria isolated in
the surgical field.

Antimicrobial Used
as Prophylaxis

Free Plasma Concentration
(mg/L), Median (Range)

Free Plasma Concentration
(mg/L)/ MIC (mg/L),

Median (Range)

Cefazolin 17.3 (11.2–33.2) 44.4 (0.3–1037.5)
Cefuroxime 24.2 (11–44.2) 81.6 (1.1–1833.5)
Gentamicin 12.3 (8.5–19.4) 9.01(0.6–323.4)
Vancomycin 7.8 (4.6–19.05) 25.6(3.5–152.4)

Free plasma concentrations of cefazolin exceeded the MIC in 94.7% (36/38) of the
isolates tested. Only two isolates (P. lautus and S. warneri) presented MICs above the plasma
concentration. In the case of cefuroxime and vancomycin, free plasma concentrations were
higher than the MICs in all isolates tested. Gentamicin plasma levels were higher than the
MIC in all isolates except eight (seven strains of C. acnes and one strain of S. warneri), 80.9%
(34/42). In all these cases, except for S. warneri, the plasma concentrations of antibiotic
used in combination with gentamicin were above the MIC.

SBTs were performed with serum samples obtained from patients with positive in-
traoperative cultures against the bacteria isolated from the surgical field of each patient
(Figure 1, Table 4, and Supplementary Table S1). In four patients, SBT could not be per-
formed due to a lack of serum.

7



Antibiotics 2021, 10, 18

1000 

Figure 1. Reciprocal serum bactericidal titers against bacteria isolated in the surgical field for each surgical antimicrobial
prophylaxis regimen. * Outliers are marked with an asterisk (*); outlier is defined as a data point that is located outside
1.5 times the interquartile range above the upper quartile and bellow the lower quartile.

Table 4. Reciprocal serum bactericidal titers against bacteria isolated in the surgical field and reference strains for each
antimicrobial prophylaxis.

Antimicrobial
Prophylaxis

Reciprocal Serum Bactericidal Titer—Median (Range)

Isolates from the
Surgical Field

Staphylococcus
epidermidis
ATCC 12228

Staphylococcus
aureus

ATCC 25923

Escherichia coli
ATCC 25922

Pseudomonas
aeruginosa

ATCC 27853

Cefazolin 256 (32–1024) 256 (32–512) 256 (64–1024) 64 (16–256) <2 (<2)
Cefazolin+Gentamicin 256 (8–1024) 512 (32–1024) 256 (32–1024) 64 (16–256) 8 (<2–16)

Cefuroxime 64 (8–1024) 64 (16–512) 32 (8–64) 8 (2–32) <2 (<2)
Cefuroxime+Gentamicin 256 (8–1024) 256 (64–512) 128 (8–128) 32 (16–32) 4 (<2–4)

Vancomycin 32 (8–256) 12 (8–32) 12 (8–16) <2 (<2–2) <2 (<2)
Vancomycin+Gentamicin 64 (16–256) 256 (256–512) 128 (32–256) 32 (16–64) 4 (4–8)

Overall, SBTs ranged from 1:8 to 1:1024. Statistically significant differences between the
six SAP regimens studied (p < 0.001) were observed. Among patients receiving single-drug
prophylaxis, SBTs were higher with cefazolin than with both cefuroxime and vancomycin
(p = 0.001 and p = 0.002, respectively), while no differences were observed between ce-
furoxime and vancomycin (p = 0.278). Globally, patients receiving combined prophylaxis
with gentamicin had higher SBTs than those receiving single-drug prophylaxis (p = 0.009),
although these differences were only relevant with cefuroxime (vs. cefuroxime plus gen-
tamicin) (p = 0.023) and vancomycin (vs. vancomycin plus gentamicin) (p = 0.098), and
were not observed with cefazolin (vs. cefazolin plus gentamicin) (p = 0.780). Of note, serum
bactericidal activity was detected (SBTs ranging from 1:16 to 1:128) in four methicillin-
resistant CoNS isolates from patients who received only cefazolin or cefuroxime (despite
the fact that methicillin resistance implies resistance to all beta-lactams, cephalosporins
included). Moreover, an SBT of 1:16 was found against one S. warneri isolate, which was the
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only one in which plasma levels of both prophylactic antibiotics (cefazolin and gentamicin)
did not exceed the MIC (Supplementary Table S1).

The bactericidal activity of each SAP regimen was also assessed by comparing SBTs
performed against the reference strains S. epidermidis ATCC 12228, S. aureus ATCC 25923,
E. coli ATCC 25922 and P. aeruginosa ATCC 27853 (Table 4). For this, 93 sera samples
(53 from patients with positive intraoperative cultures and 40 with negative cultures)
were tested. The results of SBTs against the Gram-positive bacteria S. epidermidis and
S. aureus were very similar to those observed against isolates taken from the surgical
field (all of them also Gram-positive bacteria). Overall, patients receiving gentamicin-
containing SAP regimens had higher SBT titers than those who received single-agent
prophylaxis, although this difference was not observed in the cefazolin groups. With respect
to single-drug prophylaxis, the highest SBTs were found for cefazolin. Bactericidal activity
against the Gram-negative bacterium, E. coli ATCC 25922, was observed with all SAP
regimens, except for vancomycin alone (because of the intrinsic resistance to vancomycin
of Gram-negative bacteria). SBTs against this E. coli strain followed the same pattern as
for Gram-positive bacteria (highest SBT titers with cefazolin groups, and higher SBTs with
gentamicin-containing cefuroxime and vancomycin regimens than with single cefuroxime
and vancomycin prophylaxis); however, all SAP regimens (except vancomycin alone)
showed four-fold lower median titers than against Gram-positive bacteria. Bactericidal
activity against the Gram-negative bacterium P. aeruginosa ATCC 27853 was only observed
in sera from patients treated with combinations with gentamicin (which correlates with the
intrinsic resistance of this strain against cefazolin, cefuroxime and vancomycin), but with
median SBTs four- to eight-fold lower than against E. coli ATCC 25922.

Antibiotic plasma levels and MICs of drugs used in prophylaxis against the reference
strains are shown in Table 5. For P. aeruginosa ATCC 27853, none of the antibiotics except
gentamicin achieved plasma levels above the MIC. For the remaining reference strains
tested, all the antibiotics showed plasma levels above the MIC, except for vancomycin and
E. coli ATCC 25922.

Table 5. Antibiotic plasma levels in surgical procedures with positive (n = 53) and negative (n = 40) intraoperative cultures
and MICs of antimicrobial agents used in prophylaxis against ATCC reference strains.

Antimicrobial (n)
Free Plasma

Concentration (mg/L),
Median (Range)

MIC (mg/L)

Staphylococcus
epidermidis
ATCC 12228

Staphylococcus
aureus ATCC

25923

Escherichia coli
ATCC 25922

Pseudomonas
aeruginosa ATCC

27853

Cefazolin (56) 17.3 (6.5–35.4) 0.5 0.5 3 >256
Cefuroxime (21) 25.7 (11–44.2) 0.75 0.5 6 >256
Gentamicin (54) 12.55 (8.5–19.4) 0.125 0.38 0.75 1.5
Vancomycin (16) 7.65 (4.6–19.05) 1.5 1 >256 >256

4. Discussion

Antimicrobial prophylaxis plays a crucial role in reducing the incidence of PJIs, al-
though there is no consensus about antibiotic choice [26]. Some observational clinical
studies have analyzed the effect of different SAP regimens on SSI/PJI rates following
arthroplasty surgery, with conflicting results. Babu et al. compared five different antimi-
crobial prophylactic regimes in elective primary TKA and found no differences in the
incidence of PJI or the pathogens involved [27]. Wyles et al. evaluated different SAPs
in patients undergoing primary TKA or THA and found higher rates of PJI when non-
cefazolin antibiotics were used [28]. Tornero et al. found a significant decrease in the PJI
rate when teicoplanin was added to cefuroxime during primary arthroplasty, thanks to
the decrease in Gram-positive bacterial infections [13]. Similar results were reported by
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Barbero-Allende et al. with the addition of teicoplanin to cefazolin [17]. Another study
found that the addition of gentamicin to cefazolin (or vancomycin in penicillin-allergic
patients) reduced the SSI rate following THA [15]. These studies, however, have significant
methodological limitations that prevent definitive conclusions from being drawn. Due to
the difficulty of conducting sound clinical trials to compare the effect of different SAPs
on PJI prevention, we evaluated six prophylactic regimens (cefazolin, cefuroxime and
vancomycin as single agents or combined with gentamicin) in a preclinical exploratory
study using microbiological and PK/PD analysis. We compared contamination of the
surgical field, plasma antibiotic levels relative to the MICs of microorganisms isolated in
wounds and some reference ATCC strains, and SBTs against the same bacteria.

Despite advances in preventive measures, intraoperative contamination of the surgical
field in orthopedic surgery remains frequent. Contamination can originate from many
sources, including the patients’ microbiota, surgical personnel, surgical instruments, or
the operating room environment [29–31]. Our results showed an overall intraoperative
contamination rate of 43.2%, consisting of Gram-positive bacteria often found in normal
cutaneous microbiota. This percentage is in the upper range limit of rates observed in
prior studies [32–36], although neither the number of samples per patient, nor the collec-
tion method or specific anatomical location were standardized and indeed varied widely
between studies. Furthermore, fewer samples per patient were taken and the swab was
the most frequent collection method, which has lower sensitivity and specificity than
tissue samples [37]. In accordance with previous studies, the most frequent organisms
isolated were CoNS and C. acnes, both of which form part of the skin microbiota and are
considered to be of low virulence, although they are a common cause of PJI, especially
CoNS [9,38]. After a median follow-up of 15 months, two patients (1.5%) developed PJI.
In both cases, previous intraoperative cultures were negative. According to these results,
and those observed in previous studies, intraoperative contamination during primary
TKA and THA surgery is common, but cannot be used to identify patients at increased
risk of PJI [32–36]. On the other hand, factors such as longer duration of surgery [35]
and high body mass index [32] have been associated with an increased risk of contamina-
tion. Other studies have shown that the use of iodinated drapes reduced intraoperative
contamination in patients undergoing primary knee arthroplasty [39]. In our study, after
adjusting for clinically relevant variables, we found that the group of patients receiving
gentamicin-containing SAP combinations had a lower percentage of positive intraoperative
cultures than the group that received only one drug. Nevertheless, the potential clinical
relevance of these results and their influence on the risk of developing PJI remain to be
determined. In fact, because the influence of intraoperative contamination on SSIs has
not been conclusively proven, one publication has posited a new hypothesis about the
pathogenesis of SSI [40]. The authors proposed that pathogens located in areas remote
from the SSI, such as the teeth or gastrointestinal tract, could be transported in immune
cells (macrophages or neutrophils) to the wound site and cause wound infection. We agree
with the authors that further studies using genetic approaches can help to more clearly
determine the significance of intraoperative contamination or other potential sources of
infection in order to improve the SSI prevention strategies.

We analyzed the possible usefulness of SBT to evaluate the activity of antimicrobial
agents used in prophylaxis. SBT assesses the antibacterial activity of a drug in the patient’s
serum [41,42]. These tests have been used in the past to guide antimicrobial therapy in
severe infections such as endocarditis and osteomyelitis, but are practically abandoned in
routine contemporary clinical practice because they are technically demanding and their
usefulness has been questioned. Nevertheless, the advantage of SBT over standard antimi-
crobial susceptibility methods is that it integrates PK/PD factors. Indeed, some studies
have breathed new life into this technique by showing its usefulness for monitoring antimi-
crobial therapy in patients with difficult-to-treat or multidrug-resistant infections [43–45].
Although SBT titers of 1:8 have been reported to correlate with successful outcomes of
infection [41,42], the SBT titer required for surgical prophylaxis is unknown. Considering
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the breakpoint accepted for therapeutics, our study found that bactericidal activity was
maintained throughout the surgical procedure against all isolates recovered from intraop-
erative samples (SBT range 1:8–1:1024), regardless of the prophylaxis used. Among the
reference ATCC strains tested, staphylococci corroborated these results. For Gram-negative
reference strains, bactericidal activity was observed against E. coli ATCC 25922 with all
prophylactic regimens except vancomycin, while activity against P. aeruginosa ATCC 27853
was observed only with gentamicin combinations. These results correlate with the intrinsic
resistance of both species to vancomycin, as well as the additional intrinsic resistance of
P. aeruginosa to cefazolin and cefuroxime. The consistency of the results obtained using SBT
supports its potential utility for assessing SAP.

Although high rates of resistance to beta-lactams have been found among pathogens
causing PJI [8,10,38,46], particularly CoNS, most of the bacteria cultured from intraopera-
tive samples in our study were susceptible to the cephalosporins administered. SAP may be
able to eliminate these susceptible strains, but may also select for resistant ones that could
cause PJI. Interestingly, the SBTs in patients receiving cefazolin or cefuroxime alone were
particularly high against methicillin-resistant staphylococci. This could be related to our
finding that antibiotic plasma levels at the end of the surgical procedure were well above
the MICs for the organisms encountered in intraoperative cultures, which is considered
to be the goal of SAP [5,6]. This, in conjunction with the low bacterial load, would be
enough to achieve bacterial eradication. Nevertheless, bactericidal activity against Gram-
positive isolates was obtained even in cases where antimicrobial plasma concentrations
did not exceed or were slightly above the MIC. This was also true for methicillin-resistant
staphylococci isolates, which suggests that currently recommended prophylactic regimens
with cefazolin or cefuroxime continue to show activity even against these resistant Gram-
positive bacteria. However, as expected, bactericidal activity was not enough against some
Gram-negative isolates such as P. aeruginosa—intrinsically resistant to first- and second-
generation cephalosporins and vancomycin—showing high MICs that greatly exceed the
plasma concentration. Combination prophylaxis with gentamicin could play a role against
these microorganisms or other cefazolin- or cefuroxime-resistant Gram-negative bacteria.
This could be particularly relevant because some studies have reported an increased fre-
quency of Gram-negative bacilli causing PJIs [8]. Furthermore, we found that the addition
of gentamicin increased the antimicrobial activity of cefuroxime and vancomycin against
bacteria isolated from surgical wounds, as well as ATCC staphylococci and E. coli reference
strains. Cefazolin had higher activity than cefuroxime or vancomycin. Although the po-
tential clinical implications of these findings need to be clarified, they should be borne in
mind in order to design additional studies about arthroplasty surgery prophylaxis.

This study has some limitations. In the analysis of intraoperative cultures, any number
of colonies was considered positive, which may have led to overestimating the positive
culture rate in the surgical field. Bacterial contamination can occur at any time during
analytical sample processing, and this possibility cannot be ruled out. Conversely, the lack
of bacterial growth does not necessarily imply surgical site sterility because of the limita-
tions of current techniques in detecting all bacteria present in the surgical field. We did not
randomly assign patients to receive the different SAP regimens. While randomization is
expected to produce comparable intervention groups and eliminate potential sources of
bias in treatment assignment, this cannot be excluded in the present study. To overcome
this limitation, we adjusted for clinically relevant covariates in the analysis stage; however,
we cannot rule out the potential effect of unknown confounding or prognostic variables.
Furthermore, although we performed an extensive microbiological and PK/PD study with
different SAPs and found consistent results, its applicability in the prevention of SSIs/PJIs
remains to be determined. It should also be considered that SAP is only part of the mea-
sures for prevention of SSI and that a patient’s intrinsic characteristics and perioperative
factors have a major influence on the development of these infections.

In conclusion, the six antimicrobial prophylactic regimens evaluated (cefazolin, ce-
furoxime and vancomycin, alone and combined with gentamicin) showed good activ-
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ity against the microorganisms isolated from intraoperative tissue samples—including
cephalosporins against methicillin-resistant CoNS—and achieved plasma levels above the
MICs in almost all of them. Intraoperative bacterial contamination was less frequent in the
combination group than in the group receiving single-drug prophylaxis. Although all the
prophylactic regimens showed good activity against the intraoperative bacteria and staphy-
lococcal reference strains (all of them Gram-positive bacteria), cefazolin with or without
gentamicin displayed the greatest activity; cefuroxime and vancomycin as single drugs
had lower activity than when combined with gentamicin. With respect to Gram-negative
bacteria, SBT demonstrated, as expected, that vancomycin alone was the only SAP without
activity against the E. coli reference strain, and that only gentamicin-containing regimens
were active against the P. aeruginosa reference strain. The potential clinical relevance of
these findings in the prevention of PJI remains to be determined. SBT was shown to be a
potentially reliable tool for assessing antimicrobial surgical prophylaxis.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-638
2/10/1/18/s1, Table S1: Antibiotic plasma levels of patients with intraoperative positive cultures,
bacterial species from surgical samples, MICs of antimicrobials used in prophylaxis and serum
bactericidal titers against the isolated bacteria.
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Abstract: We review antibiotic and other prophylactic measures to prevent periprosthetic joint
infection (PJI) after hip hemiarthroplasty (HHA) surgery in proximal femoral fractures (PFFs).
In the absence of specific guidelines, those applied to these individuals are general prophylaxis
guidelines. Cefazolin is the most widely used agent and is replaced by clindamycin or a glycopeptide
in beta-lactam allergies. A personalized antibiotic scheme may be considered when colonization
by a multidrug-resistant microorganism (MDRO) is suspected. Particularly in methicillin-resistant
Staphylococcus aureus (MRSA) colonization or a high prevalence of MRSA-caused PJIs a glycopeptide
with cefazolin is recommended. Strategies such as cutaneous decolonization of MDROs, mainly
MRSA, or preoperative asymptomatic bacteriuria treatment have also been addressed with debatable
results. Some areas of research are early detection protocols in MDRO colonizations by polymerase-
chain-reaction (PCR), the use of alternative antimicrobial prophylaxis, and antibiotic-impregnated
bone cement in HHA. Given that published evidence addressing PJI prophylactic strategies in PFFs
requiring HHA is scarce, PJIs can be reduced by combining different prevention strategies after
identifying individuals who will benefit from personalized prophylaxis.

Keywords: hip hemiarthroplasty; proximal femur fracture; antibiotic prophylaxis; periprosthetic
joint infection; decolonization

1. Introduction

Antimicrobial prophylaxis (AP) is crucial in preventing surgical site infections (SSIs)
after orthopedic surgery, with a reduction by up to 81% in the relative risk of infection
and 8% in the absolute risk [1]. In proximal femoral fractures (PFFs) with internal fixation,
two metanalyses showed that AP reduced the incidence of SSIs compared to either non-
prophylaxis or placebo [2,3]. The standard care AP in orthopedic surgery has traditionally
been first-generation cephalosporins. This is due to their adequate spectrum for the general
population, safety profile, and low price [1]. However, this approach may not always be
adequate, particularly for institutionalized patients who have skin flora alterations and
multidrug-resistant organisms (MDROs) colonization [4]. For this reason, some physicians
may consider it more appropriate to provide them with individualized prophylaxis.
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Other strategies such as cutaneous and nasal Staphylococcus aureus decolonization have
proven to be effective in reducing early SSIs in orthopedic surgery [5–7]. However, their
implementation may not be easy, their effectiveness is sometimes controversial, particularly
with a low incidence of S. aureus SSIs, and it has not been specifically addressed in PFF in
the elderly.

We aim to undertake a critical appraisal on current periprosthetic joint infection (PJI)
prophylaxis strategies in PFFs requiring HHA surgery and exploring future research areas.

2. Current Antibiotic Prophylaxis in Proximal Femur Fractures Requiring Hip
Hemiarthroplasty

Single-dose or continuation for less than 24 h AP is recommended for hip fracture
repair in procedures involving prosthetic replacement or internal fixation [1,8]. Surgical AP
should be administered within 120 min before incision. However, it is recommended that
when using short half-life beta-lactams (e.g., first-generation cephalosporin drugs), they be
administered within 60 min [1,8]. Single-dose or regimens of <24 h duration antibiotics
that ensure drug concentrations during surgery will be appropriate [1].

The antimicrobial agent most commonly used in orthopedic procedure prophy-
laxis [1,8] is cefazolin. Even though cefuroxime has been used in PFF surgery in the
elderly [9], second and third-generation cephalosporins are not routinely recommended
here due to adverse events (i.e., Clostridioides difficile-associated diarrhea) and potential
to cause antibiotic resistance [1].

In the case of beta-lactam type 1 (immunoglobulin E (IgE)-mediated) allergy, methicillin-
resistant S. aureus (MRSA) colonization or a high prevalence of nosocomial MRSA SSI,
clindamycin, or a glycopeptide (vancomycin or teicoplanin) may be used [1,8,10]. Al-
though cross-allergic reactions between penicillin and cephalosporins are uncommon,
cephalosporins should not be used for surgical prophylaxis in patients with documented
or presumed IgE-mediated penicillin allergy [1]. Vancomycin is less effective than cefa-
zolin for preventing SSIs caused by methicillin-susceptible S. aureus (MSSA). However,
it is recommended with cefazolin in non-allergic patients [11]. Likewise, the addition
of teicoplanin to cefazolin in arthroplasty surgery reduced PJIs thanks to a decrease in
Gram-positive bacterial infections [12].

When there is an increased risk of Gram-negative bacilli (GNB) SSIs (i.e., colonized
or recently infected patients), published guidelines recommend glycopeptides added to
(1) cefazolin or cefuroxime in the absence of beta-lactam allergies and (2) aztreonam,
gentamicin, or single-dose fluoroquinolone if there are allergies [1,8]. Although studies are
not specific on PFFs requiring HHA, these recommendations are followed in the absence of
more specific ones.

3. Current Challenges to Optimize Antibiotic Prophylaxis in Proximal Femur
Fractures Requiring Hip Hemiarthroplasty

Patients with PFFs undergoing HHA are usually elderly, frail, comorbid, recently
hospitalized, or even institutionalized. Consequently, standard AP may not be as effective
as expected and should be individualized according to local epidemiology and antimi-
crobial susceptibility patterns [8]. Hence, the usefulness of strategies such as MDROs
decolonization or individualized AP should be considered.

Regarding skin decolonization, there is considerable experience in S. aureus [5–7]
which is the first cause of acute PJIs after total joint and HHA. Thus, a cohort study includ-
ing 19 hospitals in Spain [13] showed a total of 7.9% (95% CI: 6.8–9.1%) MRSA-caused PJIs.
Decolonization with intranasal mupirocin prevents SSIs in orthopedic surgery in patients
with documented S. aureus [1,5,6]. However, identifying and specifically treating colonized
individuals is a costly and challenging process. It requires a complex structure that allows
screening, obtaining the results, and performing five days of nasal decolonization treatment
with mupirocin before surgery. These steps are complicated to coordinate and done on
time since PFFs require emergency surgeries. In this context, universal decolonization is
the suggested alternative despite the risk of developing resistance to mupirocin which
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has been considered low [14]. Other noteworthy approaches are universal preoperative
nasal and skin decolonization with chlorhexidine bathing in addition to the alcohol-based
nasal antiseptic application [15] or chlorhexidine washcloths and oral rinse and intranasal
application of povidone-iodine solution the night before and the morning of scheduled
surgery [7]. Both strategies reduced PJI rates, associated morbidity, and costs thus avoiding
resistance to mupirocin. However, although preoperative chlorhexidine bathing is widely
performed in real-world practice, nasal decolonization is not, which probably allows for
improvement in this strategy’s outcomes.

In the Spanish study [13] mentioned above, a statistically significant rising linear trend
was observed for those PJIs caused by aerobic GNB (25% in 2003–2004, 33.3% in 2011–2012;
p = 0.024) globally and also by MDR-GNB (from 5.3% in 2003–2004 to 8.2% in 2011–2012; p =
0.032). We have also published our experience regarding PJIs in patients undergoing HHA
secondary to PFFs [16]. Among a total cohort of 381 patients included between 2011 and
2013, PJIs were diagnosed in 21 (5.51%), with a significantly higher incidence of SSIs among
chronic institutionalized vs. non-institutionalized (9.52% vs. 3.99%; p = 0.04). Remarkably,
GNB were the principal pathogens involved (67% of all PJIs). These observations suggest
that asymptomatic bacteriuria (ASB) and fecal and urinary incontinence, both common
among the elderly, support skin colonization either before the surgery or in the immediate
postoperative period. Different authors have addressed the relationship between ASB
treatment and PJIs in hip or knee surgeries with controversial outcomes. Sousa et al. [17]
found that ASB was an independent risk factor for PJIs, with no correlation found between
previously isolated bacteria in the urine and PJIs, while Honkanen et al. [18] did not find
any relation between preoperative bacteriuria and PJIs in primary hip or knee replacement
surgeries. Besides, Cordero et al. [19] did not identify any PJIs of urinary origin in patients
with ASB. All these studies included both patients undergoing total hip arthroplasties and
HHA. However, when the analyzed cohort is reduced to geriatric patients undergoing
PFF surgery, the results are more contentious, and some authors conclude that prevalent
bacteriuria treatment decreases the risk of SSI [9,20]. We evaluated the clinical impact of
preoperative ASB treatment with a single dose of 3 g of oral fosfomycin between 24 and 6
h before surgery vs. no treatment on the reduction of early-PJI after HHA in an open-label,
multicenter randomized clinical trial (BARIFER CT, Eudra CT 2016-001108-47). A total of
594 patients were enrolled (mean age 84.3 years), of whom 152 (25%) had ASB (77 treated
with fosfomycin and 75 not treated), and 442 (75%) controls did not have ASB. It was found
that neither preoperative ASB nor its treatment are independent risk factors of early-PJI
in HHA surgery. Therefore, we consider that routine screening and preoperative ASB
treatment should not be recommended.

Some literature has been published regarding skin decolonization in patients with
MDR-GNB (extended-spectrum beta-lactamase (ESBL) or carbapenemase-producing En-
terobacterales). Huttner et al. [21] carried out a study in adults with an ESBL-producing
Enterobacterales (ESBL-E) positive rectal swab. Fifty-eight patients were allocated 1:1 to
either placebo or colistin sulfate (50 mg four times per day) or neomycin sulfate (250 mg
four times per day) for up to ten days plus nitrofurantoin (100 mg three times a day) for
up to five days in the presence of ESBL-E bacteriuria. It was observed that this regimen
temporarily suppressed ESBL-E carriage but had no long-term effect after seven days.
Given its limited efficacy and the time needed to implement the protocol, these strategies
are not applicable in emergency surgeries such as HHAs for PFF. On that basis, some au-
thors and guidelines support extending AP in high-risk of being colonized by MDR-GNB
individuals [1,8].

A recently published experience by Cuchi et al. [22] evaluates the role of previous skin
and urine colonization in the development of deep SSIs after PFF surgery. It failed to find a
relationship between skin colonization, urine culture, and deep SSI.

As observed, it appeared that patients would not benefit from modifying current
AP in HHA and ASB. Regarding cutaneous MDR-GNB colonization, there is no strong
evidence but a small cohort of patients’ and experts’ opinions advising extending AP in
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patients at risk of MDR-GNB skin colonization. However, we would advise caution and
act accordingly only when MDRO colonization is confirmed.

4. Future Scenarios to Optimize Prosthetic Joint Infection Prophylaxis in Proximal
Femur Fractures Requiring Hip Hemiarthroplasty

Strategies for MDRO screening and decolonization need to be optimized. Recently,
new molecular tools have been developed to rapidly identify MDROs in different clinical
samples such as skin and rectal screening swabs by real-time polymerase-chain-reaction
(PCR) and sequencing techniques. These can detect targeted genes within a few hours
which is relevant in urgent surgeries such as HHA in PFFs. These highly sensitive and
specific methods would rapidly determine not only MRSA/MSSA colonization [23] but
also ESBL-E [24] and carbapenemase-producing Enterobacterales [25] carriers. Standard-
ization of such techniques would allow individualized prophylaxis covering MDROs
only in patients with proven colonization. As experience accumulates, it will be assessed
whether this individualized prophylaxis reduces GNB infection risk and whether it is a
cost-effective strategy.

Another field of study is the use of alternative antibiotic regimens. In our experience,
trimethoprim/sulfamethoxazole in monotherapy (800/160 mg of cotrimoxazole during
anesthesia induction followed by another dose after 12 h) is effective. It prevents MRSA
infections among chronic institutionalized patients undergoing HHA [16]. Besides, it is
easy to handle and shows good tolerability.

There is a lack of information about the need to address candiduria or candidal
intertrigo when they are detected before HHA surgery. These are quite common in elderly
individuals who need diapering because of incontinence. In our experience, 34 (79.1%) out
of 43 patients analyzed with Candida PJIs had at least one risk factor for Candida infection
(six had concomitant intertrigo, and four showed candiduria before surgery) [26]. These
data suggest that treating candidal intertrigo before HHA surgery could prevent PJIs
easily. In contrast, it is not obvious whether candiduria should be addressed once we have
observed that treating bacteriuria has no impact on reducing early-PJIs after HHA surgery.

Finally, the role of antibiotic-impregnated cement in primary HHA surgery is contro-
versial. Antibiotic-impregnated bone cement is used as a spacer or during reimplantation
surgery to treat infected total hip arthroplasties. A recent meta-analysis concluded it re-
duces infection rates by approximately 50% [27]. It has also been reported that high-dose
dual antibiotic-impregnated (vancomycin and gentamicin) bone cement decreases PJIs
rates in hip fractures [28]. Their use has recently become widespread in Spanish hospitals.
This was reviewed during our multicenter randomized trial which assessed the impact
of a PJI prevention strategy in patients with a PFF requiring HHA surgery (BARIFER CT
data, Eudra CT 2016-001108-47). It was observed that 65.46% of HHA implant cases were
cemented with antibiotics (64% with single and 36% with dual antibiotics). Given that some
of the participating sites used them without changes in their specific AP, we hypothesize
that this could justify a reduction in early-PJI rates compared to those previously reported
between 2011 and 2013 (up to 9.52% among institutionalized patients) [16] and also in
hospitals in our area [29]. Therefore, we encourage the use of antimicrobial-impregnated
bone cement, and we also consider it interesting to be standardized in high-risk patients.

One of the major limitations of the opinion we share here is that the highest strength
of evidence cannot always support recommendations due to the scarcity of published
studies. Although certain antibiotics and prophylactic strategies may be discouraged or
supported, final approaches should be tailored to local epidemiology and the antimicrobial
stewardship programs at each center. We suggest a targeted preventive strategy, given
that a broad-spectrum antibiotic regimen (i.e., meropenem plus linezolid or daptomycin),
although covering possible MDROs, may result in new resistances (i.e., carbapenemases
expression in Enterobacterales) and invalidate its future use.
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5. Conclusions

Cefazolin might not be adequate for elderly and fragile patients with recent hospital-
izations or institutionalization. In this scenario, our recommendations are (1) to expand
AP to address MRSA or MDR-GNB in colonized or recently infected patients with such
microorganism, (2) to perform universal preoperative nasal and skin decolonization ac-
cordingly the night before and the morning of surgery limiting the use of mupirocin for
MRSA colonized patients and (3) to use dual antibiotic-impregnated (vancomycin and gen-
tamicin) bone cement in primary HHA surgery. Thus, PJIs can be reduced by combining all
these strategies after identifying those patients who may benefit from using personalized
SSIs prophylaxis.
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Abstract: Periprosthetic joint infections (PJI) occur in 0.5 to 2.8% of total knee arthroplasties (TKA)
and expose them to an increase of morbidity and mortality. TKA are mainly performed after failure of
non-surgical management of knee osteoarthritis, which frequently includes intra-articular injections
of corticosteroids or hyaluronic acid. Concerning the potential impact of intra-articular injections on
TKA infection, literature provides a low level of evidence because of the retrospective design of the
studies and their contradictory results. In this prospective cohort study, we included patients after
a total knee arthroplasty, at the time of their admission in a rehabilitation center, and we excluded
patients with any prior knee surgery. 304 patients were included. Mean follow-up was 24.9 months,
and incidence proportion of PJI was 2.6%. After multivariate logistic regression, male was the only
significant risk factor of PJI (OR = 19.6; p = 0.006). The incidence of PJI did not differ between patients
who received prior intra-articular injections and others, especially regarding injections in the last 6
months before surgery. The use of intra-articular injection remains a valid therapeutic option in the
management of knee osteoarthritis, and a TKA could still be discussed.

Keywords: knee; total knee arthroplasty; infection; intra-articular injection

1. Introduction

Periprosthetic Joint Infection (PJI) constitutes one of the most feared complications
after total knee arthroplasties (TKA) [1]. PJI increases mortality, with a 71.7% overall sur-
vival five years after PJI diagnosis [2] and exposes them to the complications of challenging
surgical and medical treatments [3–5]. It also reduces physical function and impairs quality
of life [6,7]. Its incidence ranges from 0.5 to 2.8% according to the studies [8–10]. TKA is a
frequent surgical procedure, increasing in number every year [11]. There is a great concern
about prevention of PJI, and different recommendations have been published [12,13]. Yet,
despite these recommendations, the rate of PJI apparently does not decrease over time [2].

TKA improves primary outcomes of knee osteoarthritis (KOA) such as pain and
function [14], and is mainly performed after failure of medical treatment. Intra-articular
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injection remains an usual treatment of non-surgical KOA in the absence of absolute con-
traindications such as infectious arthritis and drug hypersensitivity [15], but guidelines
are contradictory regarding its efficiency and safety [16,17]. During the procedure of intra-
articular injections, a contamination of the joint may happen and potentially induce a PJI if
an arthroplasty is secondarily performed [1]. In 2017, the Centers for Disease Control and
Prevention (CDC) broached the topic, but the issue was considered unresolved, and no
recommendation was made [13]. In clinical practice, intra-articular infiltrations of corticos-
teroids (CS) or hyaluronic acid (HA) are frequently performed [18], and around 30% of the
patients who underwent TKA had previously had an intra-articular steroid injection [19]. In
this context, many studies have been performed, but have provided a low level of evidence
because of their retrospective design and contradictory results [10,19–25] (Supplementary
Materials Table S1). Among them, three studies based on large databases have highlighted
an increased risk of PJI if prior intra-articular injections had been performed in the few
months preceding the surgery [10,19,20], but they were exposed to common limitations
with large database studies. A few meta-analyses were performed on PJI after TKA or Total
Hip Arthroplasty (THA) [18,26–28], also with contradictory results, and emphasizing the
low level of evidence of available studies and the need for prospective trials.

Thus, we aimed to prospectively assess the impact of prior intra-articular injections
on the occurrence of periprosthetic joint infection after TKA.

2. Results

Between January 2016 and May 2019, 304 patients were included, and 279 (91.8%)
eventually followed, while 25 patients (8.2%) were lost to follow-up (Figure 1). Mean
follow-up was 24.9 months ± 3.8.

 

Figure 1. Flow-chart.

Most of the patients were females (72.4%; n = 220), and mean age was 71.8 years ± 8.9.
Mean body mass index (BMI) was 30.9 kg/m2 ± 5.3 and 85.5% (n = 260) of the patients were
overweight (BMI > 25) or obese (BMI > 30) at the time of the surgery (35.8% overweight
(n = 109), 49.7% obese (n = 151)) (Table 1). Mean American Society of Anesthesiologists
(ASA) score was 2.3 ± 0.6. Two patients were deceased 5 and 7 months after the arthroplasty
(1 heart failure due to myocardial ischemia, and 1 cerebral stroke). 68.1% (n = 207) of the

22



Antibiotics 2021, 10, 330

patients received infiltration before surgery, 48.8% (n = 101) of them with hyaluronic acid
alone, 15.5% (n = 32) with corticosteroids, and 24.6% (n = 51) received both.

Table 1. Demographic characteristics.

Characteristics Patients (n = 304)

Mean age, years ± SD 71.8 ± 8.9
[min–max] [31–91]

Sex:
-Female, n (%) 220 (72.4)
-Male, n (%) 84 (27.6)

Mean weight, kg ± SD 82.0 ± 16.3
[min–max] [46–149]

Mean height, cm ± SD 162.9 ± 9.3
[min–max] [136–190]

Mean BMI, kg/m2 ± SD 30.9 ± 5.3
[min–max] [19.4–47.6]

Diabetes mellitus:
-Type 1, n (%) 7 (2.3)
-Type 2, n (%) 43 (14.1)
-None, n (%) 254 (83.6)

Smoking:
-Active, n (%) 14 (4.6)
-Cessation, n (%) 49 (16.1)
-None, n (%) 241 (79.3)

Alcoholism:
-Active, n (%) 23 (7.5)
-Cessation, n (%) 5 (1.7)
-None, n (%) 276 (90.8)

Mean ASA Score, mean ± SD 2.3 ± 0.6
[min–max] [1–4]

Prior IA injection, n (%): 207 (68.1)
-CS 32 (15.5)
-HA 101 (48.8)
-CS+HA 51 (24.6)
-Unknown 23 (11.1)

No prior IA injection, n (%) 97 (31.9)
SD: Standard-deviation; BMI: Body mass index; ASA: American society of anesthesiologists; IA: Intra-articular;
CS: Corticosteroids; HA: Hyaluronic acid.

Table 2 summarizes the cases of PJI, mainly males (6 out of 8). Most of the infections
(7/8) occurred in the first 6 weeks following arthroplasty and were caused by Staphylococ-
cus aureus (6/8) or Staphylococcus capitis (1/8). The remaining case concerns a patient
who initially received a surgery consisting of irrigation and debridement in a context of
infectious endocarditis due to a persistent PJI, and a one-stage exchange was secondly
performed. One patient died from myocardial ischemia 5 months after diagnosis of PJI.
Other surgical and medical strategies performed were all considered successful, and no
additional surgery was necessary.
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The overall incidence of infection was 2.6% (8/304). Comparisons of incidence of PJI
were completed with Fisher’s exact test depending on the “injection” status. Incidence was
2.1% (2/97) in patients without prior injection, and 2.9% (6/207) if any prior intra-articular
injection had been performed, OR = 1.42 (CI 95% = 0.28–7.16; p = 0.67). It increased to
7.1% (3/42) if injection had been performed within 6 months before surgery, OR = 3.95, but
without statistical significance (CI 95% 0.91–17.21; p = 0.08).

In univariate regression, the “sex” variable was the only one to be significantly associ-
ated with PJI, with an increased risk of infection in males. A trend was found concerning
“injection < 6 months” with an OR of 3.46 (p = 0.09) (Table 3). Based on these findings,
we have investigated potential differences between males and females that could explain
the increased risk of PJI in males (Table 4). Therefore, we have highlighted significant
differences between the two groups: Smoking, diabetes, alcoholism, and ASA score were
significantly higher in males than in females.

Table 3. Univariate logistic regression according to patients’ characteristics.

Independent
Variables

Odds-Ratio CI 95% p

Age 1.03 0.94–1.12 0.48
Sex 0.05 0.006–0.41 0.005
BMI 0.93 0.8–1.08 0.35

Smoking 2.36 0.54–10.1 0.24
Diabetes mellitus 0.72 0.08–5.98 0.76

Alcoholism 1.77 0.2–15.1 0.59
ASA 2.12 0.6–7.43 0.23

Injection < 6 months 3.46 0.79–15 0.09
CI: Confidence interval; BMI: Body mass index; ASA: American society of anesthesiologists.

Table 4. Comparison between males and females.

Characteristics
Males
n = 84

Females
n = 220

p

Mean age, years ± SD 70.5 ± 8.8 72.3 ± 8.9 0.12 a

Mean BMI, kg/m2 ± SD 30.6 ± 5.2 30.9 ± 5.4 0.71 a

Smoking (Active or cessation), n 35 28 0.001 b

Diabetes mellitus, n 21 29 0.01 b

Active alcoholism, n 19 4 0.0001 b

ASA ≥ 3, n 37 60 0.01 b

Injection < 6 months, n 12 30 0.88 b

a t-test; b χ2 -test. SD: Standard-deviation; BMI: Body mass index; ASA: American society of anesthesiologists.

Multivariate logistic regressions were performed considering differences between
males and females. In the total population, only sex was significantly associated with
occurrence of infection (OR = 19.6; CI95%: 2.4–164; p = 0.006). Knowing existing differ-
ences between males and females in our population, we performed multivariate logistic
regressions analyzing these 2 groups separately: No factor was significantly associated
with PJI occurrence.

3. Discussion

In this study, the risk of PJI did not significantly increase between patients who had pre-
viously received knee infiltration and patients who had not [OR = 1.42 (CI 95% = 0.28–7.16;
p = 0.67)]. Many studies have been performed concerning the safety of intra-articular
infiltrations in the pre-operative period, with a retrospective design and conflicting re-
sults [10,19–25]. Four of these studies did not bring out significant associations. However,
3 studies based on large retrospective databases suggested an increased risk of PJI in
patients who had received an infiltration in the 3 months preceding surgery [10,19] or
even in the preceding 7 months [20]. These findings explain why we compared the oc-
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currence of infection between patients who had received an infiltration in the 6 months
preceding surgery to the others. There was no significant difference, but a trend toward
an increased risk in patients who had received an infiltration in the 6 months preceding
surgery (OR = 3.95; CI 95% 0.91–17.21; p = 0.08). As discussed below, this trend requires
further investigation with larger cohorts in prospective studies. Thus, special attention
should be paid to the benefit/risk assessment of a knee infiltration if a surgery is to be
scheduled in the next months.

In previous retrospective studies based on large prospective databases, confounding
factors such as male sex, BMI, tobacco smoking, prior surgery, and inflammatory arthritis
may have been involved in the significant association reported between PJI and prior
intra-articular injections [10,19,20]. As recommended in previous systematic reviews [28],
we clearly excluded patients with major risk factors of infection: Any prior surgery or septic
arthritis of the knee, history of rheumatoid arthritis or hemophilia, and immunosuppressive
or immunomodulatory drugs. We also adjusted the results on potential confounding
factors previously reported: Male sex, age < 60 years, BMI > 25 kg/m2, diabetes, previous
or current tobacco smoking, ASA ≥ 3 [29–32]. In our cohort, male sex was the unique
risk factor associated with infection. Smoking, diabetes, alcoholism, and ASA score were
significantly higher for males than females. In multivariate logistic regression, excluding
male sex, no factor was significantly associated with PJI. Further analysis focusing on male
population did not bring out significant results, especially regarding prior intra-articular
injection in the 6 months preceding surgery.

Thus, despite conflicting evidence regarding the potential association between PJI
and pre-operative joint injection, some pathophysiological hypotheses were suggested:
An infectious risk due to the prolonged immunosuppressive effect of glucocorticoids in-
jected [10,24,33], or direct inoculation from the infiltration procedure due to insufficient
sterile precautions [10,24]. To investigate these hypotheses, we planned a 24 month-follow-
up. Indeed, the first 2 years are the greatest risk period and represent 60 to 70% of PJI [11,34],
and studies with shorter follow-ups have reported lower incidence of infection [8]. Further-
more, early (<3 months) and delayed infections (between 3 and 24 months after surgery)
are often exogenous, early infections caused by more virulent organisms than delayed
ones; whereas late-onset infections (>24 months) are frequently due to hematogenous infec-
tion [1,11], except in cases of very indolent infections due to very low-virulent bacteria [11].
These pathophysiological hypotheses are unlikely to explain late-onset hematogenous
infections, which is why we did not follow patients for more than 2 years. In our cohort,
every infection occurred within 6 months after surgery, most of them within 6 weeks,
consistent with the hypotheses of exogenous pathogenesis.

We selected a telephone follow-up, for it produces higher response rates than postal
survey or mail/internet surveys [35–37]. However, the telephone mode brings more
positive responses to subjective items than other modes [37], but this bias does not ap-
ply in our case, since the interview was closed-ended to detect the occurrence of PJI. A
memorization bias may be suggested in principle, but patients would unlikely forget a
Periprosthetic Joint Infection with its devastating consequences, revision surgeries, and
extended antibiotic therapy.

This study has limitations. Indeed, our cohort was formed with patients admitted in
a Physical and Rehabilitation Medicine Hospital, which are usually different from those
discharged home directly after surgery: They are usually older, with a higher BMI, and
are more frequently females [38]. In our cohort as well, patients were mostly females
(72.4%) with a mean BMI of 30.9. Periprosthetic joint infections are usually estimated
between 1 and 2% after TKA [30], but may range over 2% [9,10]. In this study, the incidence
proportion was 2.6%, which seems consistent with literature knowing that we included
more fragile patients. The main limitation was the size of the cohort (around 300 patients),
which may have reduced its ability to detect a statistically significant association between
intra-articular infiltrations and PJI. However, at the beginning of the study, we calculated
that 276 patients were required to detect a doubling of the incidence of infection. Therefore,
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we included 304 patients and eventually followed 279 of them, but our initial projection
may be challenged. The number of patients needed to improve the power and allowing
recommendations depends on the incidence of PJI in the population, on the difference in
incidence proportion that we aimed to detect, and on the pre-specified power (usually
80%). Further prospective studies should be performed in larger cohorts to clearly establish
the safety of intra-articular injections before total knee arthroplasty, in order to improve
sensitivity and power. Yet, a single institution is unlikely to sustain such a study. A
multicentric study proves to be necessary [28], but exposes us to specific bias of multicentric
designs, such as unrecognized heterogeneity across centers [39].

Another limitation is the diagnosis and classification of PJI which are challenging and
not consensual [40]. In this study, we used the definition of the International Consensus
Meeting on Periprosthetic Joint Infection, and every case fulfilled at least one of the two
major criteria of PJI [41,42]. Different classifications exist, mainly based on timing of
clinical presentation leading to different surgical strategies [40,43], and therefore decreasing
comparability between studies.

Finally, the telephone follow-up might have failed to detect some PJI signs, especially
in case of indolent infections due to low-virulent bacteria, which usually provide few
clinical manifestations. Indeed, clinical, radiological, and biological parameters may have
been more sensitive.

4. Materials and Methods

4.1. Participants

Patients were included in the few days following the arthroplasty (2 to 7 days), at the
time of their admission in the rehabilitation center. Surgery was performed in the University
Hospital of Nantes or in other clinics of Nantes’ region, France. Inclusion criteria were:
Age > 18 years old, patients hospitalized for rehabilitation after TKA. Exclusion criteria
were: Any prior ipsilateral knee surgery, any prior infectious arthritis of the knee, history of
rheumatoid arthritis or hemophilia, and immunosuppressive or immunomodulatory drugs.

At the time of the inclusion, we systematically collected the following data: Age, sex,
weight, height, BMI, diabetes, tobacco smoking, alcoholism, ASA Score, other significant
medical and surgical antecedents, date and place of surgery, prior intra-articular infiltration
of the knee: Number, date, and type of medication injected.

4.2. Outcome

The primary outcome was the incidence of PJI. Every case of infection was reviewed
and defined as a PJI if it fulfilled the definition provided by the International Consensus
Meeting on Periprosthetic Joint Infection (at least one of the two major criteria: Two positive
growths of the same organism using standard culture methods, or sinus tract with evidence
of communication to the joint or visualization of the prosthesis) [41,42]. First, we compared
incidences of infection between patients who had received prior intra-articular injections
and others, and then we focused on patients who had had an intra-articular injection in the
6 months preceding surgery.

4.3. Follow-Up

Follow-up was performed at 24 months after surgery. A phone call was performed,
and occurrences of an infection or an additional surgery were checked based on following
questions: “Do you feel any persistent knee pain, erythema and oedema?”, “Have you
noticed any wound drainage?”, “Has a diagnosis of prosthetic infection or any infection
of your knee been established? “Have you got any additional surgery?”. If any of these
occurred, medical, surgical, and bacteriological reports were gathered. If a patient was not
able to answer these questions, his general practitioner was called.
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4.4. Statistical Analyses

Statistical analyses were performed using software SPSS 23.0 IBM Corp, Armonk, NY,
USA. Comparisons of incidence proportions of PJI were performed with a Fisher’s exact
test. Logistic regressions were performed with PJI as dichotomous dependent variable,
and independent variables were sex, age, BMI, ASA, diabetes, smoking, alcoholism, prior
infiltration (Yes/No), infiltration < 6 months (Yes/No). First, we analyzed the association
between dependent and independent variables in univariate regression, and then we per-
formed a multivariate logistic regression with forward selection (Wald). We compared
demographic characteristics between males and females using t-test. p < 0.05 was con-
sidered significant. To evaluate the number of subjects required, we defined a power of
80%, an alpha risk of 5%, a theoretical incidence of PJI of 2.8% [10], and aimed to detect a
doubling of the incidence. We calculated that 276 patients were required.

4.5. Ethics

This research was conducted in our institution from January 2016 to June 2019. Due to
the non-interventional nature of the study, no ethics committee was necessary at the time
of the beginning of the study. Yet, necessary processes were performed with the “Direction
de la Recherche Clinique” (DRC) of the University Hospital of Nantes, France, and the
“Commission Nationale de l’Informatique et des Libertés” (CNIL); the study was registered
under the number RC16_0039. The database was anonymized, and all the patients provided
their verbal consent and got an information document.

5. Conclusions

This study showed no evidence of the causality of prior intra-articular injections in
Periprosthetic Joint Infection occurrence, even in the 6 months preceding surgery. In clinical
practice, wise use of intra-articular injection remains a valid therapeutic option in the
management of knee osteoarthritis, and a total knee replacement could still be discussed.
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Abstract: Rifampin is a potent antibiotic against staphylococcal implant-associated infections. In
the absence of implants, current data suggest against the use of rifampin combinations. In the
past decades, abundant preclinical and clinical evidence has accumulated supporting its role in
biofilm-related infections.In the present article, experimental data from animal models of foreign-
body infections and clinical trials are reviewed. The risk for emergence of rifampin resistance and
multiple drug interactions are emphasized. A recent randomized controlled trial (RCT) showing
no beneficial effect of rifampin in patients with acute staphylococcal periprosthetic joint infection
treated with prosthesis retention is critically reviewed and data interpreted. Given the existing strong
evidence demonstrating the benefit of rifampin, the conduction of an adequately powered RCT with
appropriate definitions and interventions would probably not comply with ethical standards.

Keywords: rifampin; biofilm; prosthetic joint infection

1. Introduction

Rifampin is one of the first-line drugs against tuberculosis. In addition, it has been used
against non-mycobacterial microorganisms, mainly staphylococci, for at least 50 years [1].
However, its place in severe staphylococcal infections not involving an implanted de-
vice remained unclear for decades because no systematic comparative studies had been
performed. In the meantime, few studies have been published on this topic. In five random-
ized controlled trials and two retrospective cohort studies in patients with Staphylococcus
aureus bacteremia, no difference of mortality could be shown [2]. A recent multicenter,
randomized, double-blind placebo-controlled trial confirmed these data in 758 patients [3].
In the study of Rieg et al. [4], only the subgroup of patients with implants had less late
complications related to S. aureus bacteremia when treated with combination therapy
(4.5% vs. 10.6%, p = 0.03). Most of them were treated with a rifampin combination regimen,
suggesting a benefit of antibiofilm activity compared to treatment without rifampin. In
contrast, the addition of rifampin to standard therapy showed no advantage in patients
with native valve infective endocarditis caused by S. aureus [5]. Thus, the latest data ad-
vocate against the uncritical use of rifampin combination therapy in patients with severe
staphylococcal infections in absence of implants.

In contrast, the benefit of rifampin in patients with staphylococcal implant-associated
infection is well documented based on abundant in-vitro, animal, and clinical data, as
summarized in a recent review [6]. Until recently, only one randomized controlled trial
(RCT) existed, in which the added value of rifampin was shown in patients with orthopedic
implant-associated staphylococcal infections [7]. In 2020, a second RCT in patients with
periprosthetic joint infection (PJI) was published, using different combination therapy
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regimens, which did not show a better outcome with addition of rifampin to standard
treatment [8]. These unexpected data may unsettle clinicians with limited experience in
the field of implant-associated infections. Therefore, possible reasons for the failure of
demonstrating the benefit of adding rifampin in this trial will be discussed herein in the
light of available evidence, including animal data and clinical trials.

2. Short History of Rifampin Use in Patients with Implant-Associated
Staphylococcal Infection

In 1982, the use of rifampin in the treatment of non-tuberculous infections has been
initially presented in a large symposium, followed by the publication in a supplemental edi-
tion of the Reviews of Infectious Diseases, edited by Merle A. Sande [9]. The special interest
in rifampin was based on its unique mode of action, i.e., its inactivation of the bacterial
DNA-dependent RNA polymerase. Its main drawback is the single-step mutation of the
rifampin-binding enzyme occurring with a frequency of 10−6 to 10−7 [10]. This high risk of
emergence of resistance explains its occasional failure in infections characterized by a high
bacterial load, such as in infective endocarditis or persistent S. aureus bacteremia [5,11,12].
Studies of rifampin in non-mycobacterial infection were retarded by the fear that its
widespread use could result in resistance to rifampin in Mycobacterium tuberculosis.

One of the first observations of the successful use of rifampin combination therapy
in implant-associated infections is the report of two patients with S. epidermidis infection,
one with prosthetic valve endocarditis and the other with ventriculoperitoneal shunt-
associated infection [13]. In a case series, Karchmer et al. [14] reported a good outcome
with a vancomycin-rifampin, but not betalactam–rifampin combination (87% vs. 43%,
p = 0.025) for treatment of prosthetic valve endocarditis caused by methicillin-resistant
S. epidermidis. These data suggest that the combination partner of rifampin matters.

Based on our observation that rifampin could not only prevent, but also cure experi-
mental staphylococcal implant-associated infections [15], we performed additional animal
experiments with rifampin combination therapy [16], followed by observational studies
and one randomized controlled trial in patients with orthopedic implant-associated infec-
tions [7,17–19]. Later, rifampin combination therapy has shown to improve the outcome in
patients with other types of implant-associated infections such as staphylococcal prosthetic
valve endocarditis [14,20], deep sternal wound infections [21] and vascular graft associated
infections [22,23]. However, data from randomized controlled trials are still not available
in patients with non-orthopedic implant-associated infections.

3. Evidence for the Efficacy of Rifampin in Animal Studies

The first observation of the biofilm activity of rifampin has been made >35 years ago
in the guinea pig tissue cage model [15]. With four doses of rifampin, implant-associated
S. aureus infection could be cured in 100% of the tissue cages, if therapy was started up
to 12 h after inoculation. If the delay was prolonged to 24 h, the cure rate decreased to
57%. These results unequivocally demonstrate that rifampin is able to eliminate surface-
adhering biofilm staphylococci. However, it also shows that the efficacy of a short-term
therapy is limited to a young biofilm. A clear definition of the limit between young and
mature (tolerant) biofilm is still lacking. It depends on the microorganism, the antibiotic,
and the duration of therapy [24]. Table 1 summarizes several experimental studies with
the subcutaneous tissue cage animal model in guinea pigs. In each experimental series,
rifampin combinations were significantly more active than other antibiotics [16,25–30].
This animal model does not simulate orthopedic device-related infection. However, it
allows following an ongoing infection with the most relevant endpoint, namely complete
elimination of the biofilm. Other groups investigated the role of rifampin in animal models
of implant-associated osteomyelitis, and corroborated the antibiofilm effect of rifampin, as
summarized in a recent review [6].
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Table 1. Cure rate in the guinea pig tissue cage infection model (copyright© American Society for Microbiology, Antimicrob
Agents Chemother 63(2), e01746-18, 2019 [6]).

Microorganism Antibiotic Regime Cure Rate p a Reference

S. epidermidis B3972
(clinical strain)

Ciprofloxacin
Ciprofloxacin + Rifampin

0%
100% <0.01 Widmer et al. 1990 [16]

S. aureus ATCC
29,213 (MSSA)

Vancomycin
Vancomycin + Rifampin

0%
75% <0.01

Zimmerli et al. 1994 [25]Ciprofloxacin
Ciprofloxacin + Rifampin

17%
92% <0.001

S. aureus ATCC
29,213 (MSSA)

Levofloxacin
Levofloxacin + Rifampin

0%
88% <0.001 Trampuz et al. 2007 [26]

Levofloxacin + ABI-0043 b 92%

S. aureus ATCC
43,300 (MRSA)

Linezolid
Linezolid + Rifampin

0%
60% <0.001 Baldoni et al. 2009 [27]

Levofloxacin + Rifampin 91%

S. aureus ATCC
43,300 (MRSA)

Daptomycin
Daptomycin + Rifampin

0%
67% <0.001 John et al. 2009 [28]

S. aureus ATCC
43,300 (MRSA)

Dalbavancin
Dalbavancin + Rifampin

0%
36% <0.001 Baldoni et al. 2013 [29]

S. aureus ATCC
43,300 (MRSA)

Fosfomycin
Fosfomycin + Rifampin

0%
83% <0.001 Mihailescu et al. 2014 [30]

a Fisher’s exact test for categorical variables, statistical significance is defined as p < 0.05. b ABI-0043 is a derivative of Rifalazil, which is a
rifamycin derivative.

4. Role of Rifampin in Clinical Studies Involving Orthopedic Implant-Associated
Infections

Based on the animal data showing an impressive antibiofilm activity of rifampin
against staphylococci, we started to treat patients with orthopedic device-related infection
(ODRI) with rifampin combination in clinical routine. In a first case series, 10 patients with
staphylococcal ODRI undergoing debridement and implant retention (DAIR), the success
rate was 80% [17]. In this and many subsequent studies, no direct comparison is possible,
because either none or all patients were treated with rifampin combinations. In patients
treated with DAIR without rifampin combination therapy, the success rates were as low as
31% to 35% [31,32]. However, in these studies, the Infectious Diseases Society of America
(IDSA) guidelines regarding the indication for DAIR have not been considered [33].

In the study of Holmberg et al. [34], patients with staphylococcal knee PJI had a better
failure-free survival, when treated with a rifampin combination than without rifampin (81%
vs. 41%, p = 0.01). Similarly, in a study from the Mayo Clinic, patients treated with DAIR
according to the IDSA-guidelines including a rifampin-regimen had a better outcome than
patients in a historical control group treated without rifampin (93% vs. 63%) [35]. However,
in this study, most of the patients received long-term suppressive antimicrobial therapy.

In several studies, all patients undergoing DAIR for staphylococcal PJI were treated
with a rifampin-regimen. The failure-free survival ranged between 80% and 100% in
patients treated according to the IDSA-guidelines, in whom the rifampin combination
could be given for a prolonged time (generally >2 months) [36–43]. In a study, in which
29 patients with acute PJI were treated with ciprofloxacin plus rifampin, the success rate
was 83% [39]. Interestingly, in the mentioned Norwegian randomized trial, in which
rifampin-combination therapy did not show superiority, another regimen has been used,
namely cloxacillin or vancomycin with or without rifampin [8]. Possible reasons for the
low success rates and the lack of improvement by the addition of rifampin are presented
below. Indeed, diligent choice of antimicrobial agents may be crucial. In the observational
study of Puhto et al. [44] in patients with PJI treated with DAIR, treatment success was
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significantly higher in patients with ciprofloxacin/rifampin as compared to those with
another combination partner or a regimen without rifampin.

Despite the overwhelming evidence for the antibiofilm activity of rifampin, there are
a few studies, in which no beneficial effect of rifampin was shown. Bouaziz et al. [45]
showed that non-compliance with IDSA guidelines was a risk factor for treatment failure
in patients with hip or knee PJI. However, rifampin as single factor was not advantageous
because of the strong association between surgical therapy and outcome. Thus, rifampin
combination therapy should only be used in patients qualifying for DAIR [33,46]. In an
observational study of patients with acute PJI treated with DAIR and linezolid with or
without rifampin, patients receiving rifampin did not have an improved outcome. The
confounder in this study may be the high prevalence of polymicrobial infection in both
groups (41% and 35%, respectively) indicating that many patients may have had wound
healing disturbance or even a sinus tract during therapy [47].

Rifampin long-term therapy is complicated by its frequent gastrointestinal side effects,
and its strong induction of isoenzymes of cytochrome P450 [6,10]. This is a major clinical
challenge, as the effect of rifampin can only be considered in patients in whom it can
be given for a sufficient duration. Enzyme induction by rifampin leading to drug-drug
interactions requires specific attention prior to and at the end of treatment. However,
the interaction of rifampin and other antibiotics in vitro is difficult to interpret, because
synergism/antagonism in vitro does not correlate with the effect in vivo [48]. Based on
experimental data, the antibiofilm effect seems to be a class effect of all rifamycin deriva-
tives [26,49,50]. First clinical data suggest that rifabutin is a valuable alternative to rifampin
with less adverse events and less drug-drug interactions [51].

5. Critical Appraisal of a Randomized Controlled Trial (RCT) Showing no Effect
of Rifampin

The above mentioned RCT compared the outcome of patients with acute staphylo-
coccal PJI treated with prosthesis retention and either monotherapy without rifampin or
rifampin combination [8]. In this multicenter study conducted from 2006 to 2012 in eight
centers, 48 patients with acute PJI were included in the final analysis. PJI was caused by
methicillin-susceptible staphylococci in 38 episodes (among them 36 were S. aureus) and 10
by methicillin-resistant staphylococci (of which all were S. epidermidis). Twenty-five patients
were randomized to receive monotherapy, i.e., cloxacillin (two weeks intravenous, fol-
lowed by four weeks oral) or vancomycin (six weeks intravenous) and 23 patients received
rifampin in addition to the anti-staphylococcal treatment regimen mentioned above.

All patients underwent “soft tissue” revision with retention of the prosthesis. Re-
revision with isolation of any pathogen was considered confirmed failure, while clinical
signs of infection without revision surgery or isolation of pathogen were categorized as
probable failure. Using the Kaplan–Meier method, the infection-free survival rate was
similar in the monotherapy group (72%) and rifampin combination group (74%) at two
years follow-up (median, 27 months). Success rate in PJI caused by methicillin-susceptible
staphylococci was 78% with rifampin combination and 65% with monotherapy. In PJI
caused by methicillin-resistant staphylococci, monotherapy was successful in all five
patients (100%), whereas rifampin-vancomycin-combination had a success of 60% (three of
five). No statistically significant difference was observed in any comparison. The authors
conclude that adding rifampin to standard antibiotic treatment in acute staphylococcal PJIs
does not improve the outcome.

In view of the above presented role of rifampin as biofilm-active antibiotic, the results
of this RCT unsettled clinicians with limited experience in the field. Therefore, some critical
points in this study should be highlighted for correct interpretation of the results.

First, the originally registered study protocol at ClinicalTrials.gov (NCT00423982)
differs from the published manuscript, suggesting that relevant modifications were per-
formed during the study. In contrast to the initial protocol, in addition to patients with early
postoperative PJI those with acute hematogenous PJI were included. In late hematogenous
PJI, the duration of infection is less well defined, because it may manifest only delayed after
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seeding. This may explain that the success rate of PJI treated with DAIR has shown to be
significantly lower in late acute staphylococcal infection as compared to early postoperative
infections [52]. Unfortunately, the distribution of the two clinical entities in the analyzed
cohort is not provided, making the interpretation of the results of the heterogeneous study
population difficult.

Second, the surgical treatment is described in the Methods in detail. Whereas in the
trial registration protocol, only a “soft tissue” revision is mentioned, in the manuscript
additionally exchange of modular parts, irrigation with 9 L of saline and placement of
two gentamicin-containing sponges (10 × 10 cm2) is stated, exceeding the procedure of a
soft tissue revision. The adherence to this strict surgical protocol throughout the six-year
study in eight study centers is questionable, as inclusion in the study took place most likely
only after identification of the causing pathogen. Exchange of mobile parts being a proxy
for a thorough debridement was shown to be among most relevant factors for successful
outcome in several previous studies in case of retained infected prosthesis [36,53–55].
Noteworthy, no dropouts due to deviating surgical treatment were reported.

Third, the antimicrobial combination partner for rifampin is crucial, as mentioned by
the authors in the Discussion. In this study, unusual combinations with oral cloxacillin (low
oral bioavailability (37%), poor bone penetration, low maximal dose orally compared to
intravenous route [56]) and prolonged intravenous vancomycin (toxic, poorly penetrating
into the bone, barely bactericidal, non-therapeutic levels upon initiation of treatment) in
case of methicillin-resistance were administered. Substances recommended as antimicrobial
combination partner for rifampin are those with a high oral bioavailability and a good
bone penetration, such as quinolones, trimethoprim-sulfamethoxazole, doxycycline or
clindamycin, none of which was used in the present study. In addition, an unusual
rifampin dosage (300 mg three times daily) was used, which is neither approved nor
recommended for any indication.

Fourth, the absence of infectious diseases specialists in the author list suggests lack of
an interdisciplinary team approach to the management of PJI, which is another important
factor determining the treatment success of PJI [57,58]. After discharge, adequate intake or
administration of antibiotics, patient compliance and modification in case of intolerance
should be ensured. Rifampin is often discontinued due to intolerance or toxicity, as shown
by the high number of dropouts (n = 7) due to rifampin discontinuation in this study. The
accompaniment by an infectious diseases specialist during the treatment period could
probably counteract the high dropout rate and potential selection bias.

Fifth, probably the most relevant drawback of the study is the low number of included
patients. The final analysis with 48 patients in eight centers during six years indicates
a reluctant recruitment. Since staphylococci are the most frequent pathogens of acute
PJI [59,60], the average of one patient per center per year implies that the participating
centers are not explicitly centers specialized in septic surgery and that the included patients
represent a subgroup of patients bearing the risk of selection bias.

Sixth, due to the low number of included subjects, the study is underpowered, and
thus does not allow any conclusion on the effect of rifampin on the outcome of acute
staphylococcal PJI. The sample size calculation required at least 62 patients in each group
to statistically prove an increase in cure rate of 20% (assuming a high cure rate of 70% in
the monotherapy group). The authors aimed to include at least 100 subjects in each group.
Only focusing on methicillin-susceptible staphylococci, the success rate with monotherapy
was 65% (13 out of 20 patients), whereas the rifampin combination led to treatment success
in 78% (14 out of 18 patients). Based on theoretical considerations, by increasing the
number sample size sixfold (120 patients in the monotherapy group, 108 patients in the
combination group) and assuming the same proportion of success in each group, the results
would reach statistical significance. Unfortunately, the study was prematurely stopped
without mentioning the reason for discontinuation. Only by increasing the sample size the
beneficial effect of rifampin could have probably been shown, if there is one, as suggested
by multiple above-mentioned studies.
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Finally, there are a few imprecisions regarding the outcome evaluation, the reader
should consider while interpreting the study results. It remains unclear to what extend
the “probable” failures were true septic failures. Furthermore, it is not indicated, whether
non-microbiological criteria (synovial fluid leukocyte count and periprosthetic tissue
histopathology) for infection were fulfilled in these cases. In addition, the meticulous
analysis of failures to discriminate relapse or infection caused by a new pathogen (superin-
fection) is missing, however, of utmost importance. The fact that the study was conducted
several years ago would have allowed for assessment of long-term follow-up. However,
only two-year follow-up was reported. Taking all these aspects into consideration, the
discussed study does not allow any deduction on the effect of rifampin on the outcome of
acute staphylococcal PJI treated with DAIR.

6. Conclusions

Taken together, the controversy about the role of rifampin in biofilm infections is
not justified. There is abundant data from in-vitro and animal experiments, as well as
clinical studies confirming its antibiofilm effect in patients with staphylococcal orthopedic
implant-associated infections undergoing DAIR. Thus, one study with multiple weaknesses
should not unsettle clinicians. An RCT with appropriate sample size, optimal choice of
antimicrobials, standardized surgical interventions and accurate definition of treatment
failure would be desirable. However, given the existing strong evidence demonstrating the
benefit of rifampin, the conduction of such a clinical study would not comply with ethical
standards and would probably not be approved by ethics committees.
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Abstract: Objectives: Data on clinical and biological tolerance of tedizolid (TZD) prolonged therapy
are lacking. Methods: We conducted a prospective multicentre study including patients with
prosthetic joint infections (PJIs) who were treated for at least 6 weeks but not more than 12 weeks.
Results: Thirty-three adult patients of mean age 73.3 ± 10.5 years, with PJI including hip (n = 19),
knee (n = 13) and shoulder (n = 1) were included. All patients were operated, with retention
of the infected implants and one/two stage-replacements in 11 (33.3%) and 17/5 (51.5%/15.2%),
respectively. Staphylococci and enterococci were the most prevalent bacteria identified. The mean
duration of TZD therapy was 8.0 ± 3.27 weeks (6–12). TZD was associated with another antibiotic
in 18 patients (54.5%), including rifampicin in 16 cases (48.5). Six patients (18.2%) had to stop
TZD therapy prematurely because of intolerance which was potentially attributable to TZD (n = 2),
early failure of PJI treatment (n = 2) or severe anaemia due to bleeding (n = 2). Regarding compliance
with TZD therapy, no cases of two or more omissions of medication intake were recorded during
the whole TZD treatment duration. Conclusions: These results suggest good compliance and a
favourable safety profile of TZD, providing evidence of the potential benefit of the use of this agent
for the antibiotic treatment of PJIs.

Keywords: tedizolid; prosthetic joint infections; prolonged oral treatment; tolerance; compliance

1. Introduction

Prosthetic joint infection (PJI) is a serious and complex complication following arthro-
plasty at an incidence rate after hip or knee replacement of 1 to 2% [1]. The aims of the
management of patients with PJIs are to restore satisfactory joint function and to elimi-
nate infection. Surgical options include debridement antibiotics and implant retention
(DAIR), one- or two-stage replacement, arthroplastic resection and, sometimes, amputation.
Given the increasing burden of these infections, especially among the elderly population,
developing new therapies such as cell therapy to prevent the progression of osteo-arthritis,
and thus, the need for total joint arthroplasty, is an important field of research [2–5].
The antibiotic treatment of patients with PJIs is limited by the tolerance of its prolonged
administration and the resistance level of some pathogens [6,7]. Gram-positive cocci, es-
pecially coagulase-negative staphylococci (CoNS), are predominant bacteria which are
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responsible for infections in and around orthopaedic devices [8]. In this context, the use of
the oxazolidinone agent linezolid (LZD) has been validated, but potential bone-marrow,
neurologic, and metabolic toxicity limit treatment duration to no more than two to three
weeks [9–11]. Additionally, the wide use of LZD has resulted in the emergence of CoNS
carrying cfr genes which are responsible for high levels of LZD resistance [12]. The combi-
nation of rifampicin with LZD leads to a reduction in LZD blood concentration, which is
associated with a lower rate of adverse hematologic effects but also with lower clinical
remission rates [13,14]. Tedizolid (TZD) phosphate is a second generation oxazolidinone
which is indicated for the treatment of acute bacterial skin and skin structure infections in
adults [15–18]. In the Establish 1 and 2 studies, gastrointestinal disorders and bone marrow
toxicity were less frequent in TZD than in LZD patients [19,20]. However, the duration
of TZD treatment did not exceed six days. TZD has a high oral bioavailability and can
be administered once-daily; furthermore, drug–drug interactions with mono-amine ox-
idase inhibitors (MAOI), serotonin-reuptake inhibitors (SRI) or rifampicin are unlikely,
although the latter has recently been questioned [21,22]. Recent in vitro and animal studies
suggested that the addition of rifampicin to TZD was likely to achieve a synergistic effect
against methicillin-resistant Staphylococcus aureus (MRSA) and S. epidermidis, and prevent
the emergence of rifampicin-resistant mutants [23,24]. While TZD appears to be an at-
tractive candidate for the treatment of PJIs due to gram-positive cocci, and has shown
satisfactory efficacy and tolerability in clinical trials, data about its tolerability and compli-
ance in long-term treatments are lacking. The aim of the present multicentre prospective
cohort study was to assess the long-term safety profile and compliance of oral TZD in
monotherapy or in combination therapy for the treatment of PJIs.

2. Results

Thirty-three adult patients (sex ratio female/male 17/16) of mean age 73.3 ± 10.5 years
were included from August 2018 to November 2019. A total of 17 patients (51.5%) were
enrolled at the Tourcoing Centre, 13 (39.4%) at the Ambroise Paré Centre and 3 (9.1%) at
the Lyon Centre. Patient characteristics are presented in Table 1. Despite chronic infection,
three patients were treated with a debridement antibiotic and implant retention (DAIR)
because of their age and general status which contraindicated the replacement of the
implant. TZD use was used to avoid LZD potential toxicities or drug–drug interactions in
16 patients (48.5%), or because of previous, LZD-related adverse events in three patients
(9.1%). Among these three patients, one had experienced thrombocytopenia, one anaemia
and one gastro-intestinal intolerance. No included patients were receiving MAOI or
SRI concomitantly with TZD therapy. Staphylococci were the most prevalent bacterium
identified in our patients, accounting for 58% of the total number, and including 21 (42%)
methicillin-resistant strains (Table 2). Infection was polymicrobial in 18 cases (54.5%)
among which five were associated with gram-negative rods, all of which were susceptible
to fluoroquinolones. Geometric mean MIC values for linezolid, as determined by E-test
methods, were 1.24 ± 0.83 mg/L, 1.5 ± 0.7 mg/L and 1.64 ± 0.48 mg/L for Staphylococcus
spp., Streptococcus spp. and Enterococcus spp., respectively. MIC measurements or TZD
blood levels were not routinely performed for tedizolid in this study.

Following postoperative empirical antibiotic therapy (PEAT) of median duration of
7 days (range 4 to 14 days), the mean duration of TZD therapy was 8.0 ± 3.27 weeks
(ranging from 6–12 weeks). Among the 27 out of 33 patients (81.8%) who completed the
planned therapy, the mean duration of TZD was 8.77 weeks ± 2.79 (range 6–12 weeks).
The mean total duration of the antibiotic treatment including PEAT and targeted therapy
was 9.15 ± 3.43 weeks (7–12). TZD was associated with another antibiotic in 18 patients
(54.5%), e.g., rifampicin in 16 cases (48.5%).
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Table 1. Demographic data of 33 patients with periprosthetic joint infections.

Patient Characteristics Values and Number of Patients (%)

Age, years in mean ± SD 73.3 ± 10.5
Sex ratio (female/male) 17/16

Body mass index, kg/m2 mean ± SD (>30) 29.7 ± 6.2 (51.5)
Comorbidities * 19 (57.6)
- Diabetes mellitus
- Cancer
- Liver cirrhosis
- Chronic obstructive pulmonary disease
- Rheumatoid polyarthritis
- Chronic renal failure

10 (30.3)
5 (15.2)
1 (3.0)
4 (12.1)
1 (3.0)
2 (6.0)

American Society of Anaesthesiologists score
≥2 [range] 27 (81.2) [1–3]

Previous surgical revision of the prosthesis ≥1
[range] 12 (36.4) [1–10]

Total joint arthroplasty
- Total hip prosthesis
- Total knee prosthesis
- Total shoulder prosthesis

19 (57.6)
13 (39.4)
1 (3.0)

Age of the prosthesis, months
mean ± SD [range] 24.5 ± 39.0 [1–180]

Type of infection
- Early postinterventional
- Chronic
- Acute haematogenous

6 (18.2)
25 (75.8)
2 (6.1)

Surgical intervention
- Drainage and retention of the implant
- One-stage replacement
- Two-stage replacement

11 (33.3)
17 (51.5)
5 (15.2)

Fever (temperature > 38.0 ◦C) 4 (12.1)
Fistula 12 (36.4)

C-reactive protein at baseline, mg/L mean ±
SD [range; IQR] 42.16 ± 34.9 [5.8–111; 52]

White blood cells at baseline, G/L mean ± SD
[range; IQR] 8.34 ± 2.5 [4.3–15.6; 3.2]

SD: standard deviation. *: 4 patients had ≥2 comorbidities.

In total, 20 patients (60.6%) experienced at least one adverse event during TZD therapy.
A list of adverse events (AE) potentially attributable to tedizolid is shown in Table 3;
the most frequent AE were anaemia (n = 4) and pruritus (n = 4). Six patients (18.2%)
had to stop TZD therapy prematurely because of (i) intolerance which was potentially
attributable to TZD (n = 2), (ii) early failure of PJI treatment (n = 2) or (iii) severe anaemia
(n = 2). TZD-attributable discontinuation episodes consisted of inflammatory arthritis of
the wrist and knee in one patient who also received doxycycline and did not improve after
stopping doxycycline but partially recovered after discontinuation of TZD, and vomiting
in another patient who received TZD alone (Appendix A Table A1). According to the
definitions used to describe the bone marrow toxicity profile of TZD, 8 patients (24.2%)
experienced haematological adverse events including anaemia in 4 cases, 2 of which
presented acute haemorrhage, leukopenia in 2 cases and thrombocytopenia in 2 cases
(Table A1). With the exception of the two patients with acute haemorrhage, none of these
adverse events resulted in withdrawing TZD therapy. Although a gastric haemorrhage
in one patient and a hematoma at the surgical site in another patient resulted in acute
severe anaemia which was most probably unrelated to TZD therapy, the treatment was
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discontinued. Haematological adverse events were mild and resolved spontaneously
during TZD therapy except in the two patients with severe anaemia who received a blood
transfusion. Non haematological adverse events were recorded in 13 (39.4%) patients
for whom no premature discontinuation of TZD therapy was required, and were mostly
pruritus (n = 4), headache (n = 2) and insomnia (n = 2) (Table A1). There was no safety signal
for TZD-associated optic or peripheral neurologic toxicity or metabolic disorder. Overall,
the proportion of patients who experienced TZD-attributable adverse event did not differ
significantly in patients treated with a combination of antibiotics or with TZD alone [13/18
(72.2%) versus 8/15 (52.3%), respectively; p = 0.45], nor did it vary according to the use of
rifampicin in combination with TZD or the total duration of TZD therapy (Table 4).

Table 2. Microbiology of 33 patients with periprosthetic joint infections.

Bacteria N◦ of Strains (%)

Gram positive cocci 43 (86.0)
- Staphylococcus aureus (MRSA = 7) 13 (26)
- Staphylococcus epidermidis (MRSE = 14) 15 (30)
- Staphylococcus caprae (MR = 2) 1 (2)
- Streptococcus agalactiae 2 (4)
- Corynebacterium striatum 4 (8)
- Enterococcus faecalis 7 (14)
- Enterococcus gallinarum 1 (2)
Gram negative bacilli 5 (10)
- Escherichia coli 2 (4)
- Klebsiella pneumoniae 1 (2)
- Pseudomonas aeruginosa 1 (2)
- Pasteurella multocida 1 (2)
Anaerobes 2 (4)
- Cutibacterium acnes 2 (4)
Total number of bacterial strains 50 (100)
Legend: MRSA: Methicillin-resistant Staphylococcus aureus; MRSE: Methicillin-resistant Staphylococcus
epidermidis; MR: Methicillin-resistant.

Table 3. Episodes of adverse effects reported in 33 patients during tedizolid therapy.

Adverse Event
(N◦ of Discontinuation of Tedizolid Therapy)

N◦ of Episodes of Adverse Effects *

anemia (2) 4
asthenia 1

leukopenia 2
thrombocytopenia 2

headache 2
pruritus 4

abdominal pain 1
nausea/vomiting (1) 2

vertigo 1
xerosis 1

dysgeusia 1
epistaxis 1

arthralgia (1) 2
thrush 1

insomnia 2
intermittent blurred vision 1

Total 28
* Five patients had more than one episode of adverse effects.
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Table 4. Adverse events according to the duration and the antibiotic regimen in 33 patients treated
with tedizolid.

Patients’ Characteristics N◦ of Patients (%), Total = 33 p

≥1 adverse event 20 (60.6)
Any combination therapy 0.8

- Yes (n = 18)
- No (n = 15)

11 (61.1)
9 (60)

Rifampicin combination therapy 0.9
- Yes (n = 16)
- No (n = 17)

9 (56.3)
11 (64.7)

Duration of treatment ≤6 weeks 0.8
- Yes (n = 13)
- No (n = 20)

7 (53.8)
13 (65)

The follow-up of the haematological parameters showed a significant increase of
haemoglobin blood levels between baseline and week 6 followed by stabilisation, as well
as a significant decrease in platelets, leukocytes and neutrophils counts between baseline
and week 6 followed by stabilisation until the end of the treatment (Figure 1A–D).

 
Figure 1. Boxplot of the haematological parameters ((A): Haemoglobin, (B): Platelets, (C): Leukocytes, (D): Neutrophils)
during Tedizolid therapy. Each box represents median, interquartile range, largest, smallest and outside (point) values.

Regarding compliance to TZD therapy, no cases of two or more omissions of medica-
tion intake during TZD treatment were recorded, in accordance with the number of pills
present in the returned boxes. Six failures (18.2%), including two early cases, were recorded
at one-year following the end of TZD therapy.
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3. Discussion

We report the first prospective cohort study to date providing data on the safety
and compliance of prolonged use (i.e., ≥6 weeks) of oral TZD phosphate at a 200-mg,
once-daily dose for the treatment of PJIs. As our safety results suggest, oral TZD therapy
administered for 6 to 12 weeks according to the current recommendations [25] can be
considered for the treatment of PJIs. The overall proportion of patients who experienced
an adverse event (60.6%) may appear high, but this may be explained by the design of
the study which allowed us to report an exhaustive list of adverse events. Despite the
nonoptimal profile regarding the general status of our patients, the tolerance of prolonged
oral TZD therapy allowed us to complete the therapy in more than 80% of the cases.
Indeed, 19 patients (57.6%) had comorbidities and 27 (81.2%) had an ASA score ≥ 2,
which is significantly different from the populations of patients evaluated in other, pivotal
clinical trials [19,20]. Our results are close to those reported by Kim et al. on a series of
25 patients with nontuberculous mycobacterial infections treated with a median duration
of TZD therapy of 91 days [26]. Eleven of their patients (44%) experienced an adverse
event including gastrointestinal intolerance in five patients (20%) and thrombocytopenia
in one (4%); no case of anaemia was recorded, while peripheral neuropathy was reported
in five patients (20%). The attribution of an adverse event to TZD was, however, difficult,
as almost all patients were receiving multidrug therapy. The mean age of our patients
was 73.3 years, which is quite high with regard to the risk of developing bone marrow
toxicity to LZD, as reported by several authors [9,10]. The correction of LZD-induced bone
marrow toxicity after switching to TZD observed in one of our patients has already been
reported elsewhere [27,28]. Overall, we only recorded a few significant haematological
abnormalities which did not result in discontinuation of TZD therapy, except in patients
with acute haemorrhage. There were no differences in safety, especially with regard to
haematological laboratory changes, between patients receiving TZD in combination with
rifampicin versus patients receiving TZD alone (full data are available upon request),
as reported with LZD-rifampicin combination [9,10]. We hypothesise that the increase of
haemoglobin values during TZD treatment represents a restoration process after blood
spoliation secondary to the surgical intervention, while the decrease of platelets and
WBC during TZD treatment might be related to the resolution of the infectious process.
The incidence of digestive disorders reported in our patients is close to the results of a
meta-analysis by Lan et al., noting, however, that the duration of TZD therapy in the
studies included was six days, as recommended for the treatment of acute bacterial skin
and skin structure infections [29].

The main limitations of the present pilot study are the small size of the studied popu-
lation and the assessment of the patients’ adherence to TDZ treatment, which was based
on the return of the pillboxes and on patient self-reporting. The strengths of the present
study are its prospective design and the selection criteria which allowed investigators to
include patients in a real-life setting. We strongly believe that the inclusion of patients,
regardless of age and risk factors for bone marrow toxicity, enhanced the external validity
of our conclusions regarding the tolerance of prolonged oral TZD therapy in patients
treated with PJIs.

4. Materials and Methods

The purpose of the present study was to obtain reliable data on the tolerance, com-
pliance and efficacy of prolonged (i.e., ≥6 weeks) use of TZD alone or in combination
therapy for the treatment of PJIs. We present herein data about adherence and tolerance.
As post-treatment follow-ups are currently underway, we present data only for the one-year
follow-up. We conducted a prospective multicentre cohort study in three French national
centres for the management of complex bone and joint infections (also called CRIOAc):
Lille-Tourcoing, Paris-Ambroise Paré and Lyon [30].

46



Antibiotics 2021, 10, 4

4.1. Definitions

Adult patients with PJIs defined according to the MSIS 2018 [31] criteria and for whom
TZD treatment was indicated according to the investigator’s decision were prospectively in-
cluded. All patients gave their written informed consent after an explanation of the protocol
by the investigating physician. PJIs were characterised according to: acute haematogenous
(infection with three-week duration or less of symptoms after an uneventful postoperative
period), early postinterventional (infection that manifested within one month after implan-
tation) and chronic (infection with symptoms that persisted for >3 weeks, i.e., beyond the
early postinterventional period) according to Zimmerli’s definition [32].

Patients demographic data (age, gender, body mass index), comorbidities, microbi-
ology, prior use of LZD and reason for TZD use (e.g., failure and/or toxicity of previous
treatment, need to avoid linezolid toxicity or drug–drug interactions), treatment dura-
tion, concomitant antibiotics, potential adverse events attributable to TZD were recorded.
Laboratory data were recorded at baseline, weekly and at the end of treatment, includ-
ing haemoglobin, white blood count (WBC), platelet count, alanine aminotransferase (ALT),
aspartate aminotransferase (AST) and Protein-C reactive (PCR).

Clinically significant laboratory changes were defined as: (1) anaemia, decrease in
haemoglobin ≥2 g/L from baseline after TZD initiation and classified as severe if haemoglobin
was <8 g/dL, (2) leukopenia, white blood count (WBC) of <4 G/L after TZD initiation and
classified as mild (low limit normal to 3 G/L), moderate (≥2-<3 G/L) and severe (<2 G/L),
(3), neutropenia, absolute neutrophil count of <1.5 G/L after TZD initiation, (4) thrombocy-
topenia, platelet count of <150 G/L after TZD initiation and classified as mild (75–150 G/L),
moderate (50-<75 G/L) or severe (<50 G/L); for patients with a baseline platelet count of
<150 G/L, thrombocytopenia was defined as a reduction of 25% from the baseline, and (5) ele-
vated AST or ALT 3 times above the upper limit of normal.

Microbiological documentation was based on joint aspiration and/or intraoperative
culture samples. During surgical procedures, at least three tissue samples were taken in
different areas suspected of infection, using a separate sterile instrument for each sample.
The antibiotic susceptibility profile of all pathogens was assessed either by the Vitek 2 cards
(BioMérieux, Marcy l’Etoile, France) or by agar diffusion technique using the procedure
and interpretation criteria proposed by the Comité de l’Antibiogramme de la Société
Française de Microbiologie (CA-SFM EUCAST 2018) (http://www.sfm-microbiologie.org).
Methicillin resistance was confirmed by the detection of the mecA gene if required.

Adverse events (AEs) were identified from patients’ medical records and laboratory
data. Associations of adverse events with TZD and related antibiotics were assessed as
suggested by the patient’s physician and confirmed by the principal investigator according
to the chronology of events, as were the need to reduce the daily dosage of the potentially
problematic antibiotic, data from any attempt to reintroduce such a mode of treatment,
and the type of recorded toxicity (e.g., anaemia, thrombocytopenia and peripheral neu-
ropathy for TZD, tendonitis, and myalgia for levofloxacin and drug–drug interaction for
rifampicin). To be attributable to a given antibiotic, a reduction in the daily dosage and/or
discontinuation due to intolerance had to be recorded as well as temporal association with
event resolution after discontinuation or dose reduction of the agent in question.

4.2. Antibiotic Treatment

TZD was administered orally at a once daily dose of 200 mg (i.e., one tablet) as a
single antibiotic therapy or in combination therapy with another agent with proven activity
against the involved pathogen(s) according to the physician’s choice. The duration of
antibiotic therapy ranged from 6 to 12 weeks. Exclusion criteria were pregnant women or
women of childbearing age who were not using contraception, breastfeeding intolerance to
TZD, allergy to oxazolidinone, the detection of bacteria which were nonsusceptible to TZD,
patients with uncertainty regarding the possibility of achieving a one-year follow-up after
the end of treatment or the absence of written consent. Patients were examined during
consultations every 3 weeks during treatment and at 6 months and one year after the EOT.
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During treatment, special attention was paid to potential neurological and optical side
effects, as well as to possible drug–drug interactions.

4.3. Statistics

Data are presented as numbers (percentages) for qualitative variables and as medians
(interquartile range: IQR) or means (SD) for quantitative variables. We compared biological
variable that might have been affected by the use of oxazolidinone between baseline and
day 42 and between day 49 and day 84 using the Student t-test, with p = 0.05 being set as
the threshold of significance.

4.4. Ethics

Research was conducted in accordance with the Declaration of Helsinki and national
and institutional standards. The study was recorded on clinicaltrial.gov under the num-
ber NCT03378427, in the EudraCT database under the number 2017-001238-24 and was
approved by the French Sud Mediterranean IV Committee of Protection of the People in
Biomedical Research on 21 November 2017 under the number 17 10 09. This interventional
survey was declared to the National Agency for Medicines and Safety of Health Products
under the number 17060A-43. Tedizolid was supplied by Merck Sharp & Dohme, Inc.

5. Conclusions

The results of the present study suggest good compliance and a favourable safety
profile of TZD, providing evidence of the potential benefit of the use of this agent for the
antibiotic treatment of PJIs.
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Abstract: Background: To evaluate the efficacy and safety of long-term use of tedizolid in osteoarticu-
lar infections. Methods: Multicentric retrospective study (January 2017–March 2019) of osteoarticular
infection cases treated with tedizolid. Failure: clinical worsening despite antibiotic treatment or the
need of suppressive treatment. Results: Cases (n = 51; 59% women, mean age of 65 years) included
osteoarthritis (n = 27, 53%), prosthetic joint infection (n = 17, 33.3%), and diabetic foot infections (n = 9,
18%); where, 59% were orthopedic device-related. Most frequent isolates were Staphylococcus spp.
(65%, n = 47; S. aureus, 48%). Reasons for choosing tedizolid were potential drug-drug interaction
(63%) and cytopenia (55%); median treatment duration was 29 days (interquartile range -IQR- 15–44),
24% received rifampicin (600 mg once daily) concomitantly, and adverse events were scarce (n = 3).
Hemoglobin and platelet count stayed stable throughout treatment (from 108.6 g/L to 116.3 g/L,
p = 0.079; and 240 × 109/L to 239 × 109/L, p = 0.942, respectively), also in the subgroup of cases with
cytopenia. Among device-related infections, 33% were managed with implant retention. Median
follow-up was 630 days and overall cure rate 83%; among failures (n = 8), 63% were device-related
infections. Conclusions: Long-term use of tedizolid was effective, showing a better safety profile with
less myelotoxicity and lower drug-drug interaction than linezolid. Confirmation of these advantages
could make tedizolid the oxazolidinone of choice for most of osteoarticular infections.

Keywords: tedizolid; oxazolidinones; osteoarticular infections; diabetic foot infections; drug-drug
interaction

1. Introduction

Oxazolidinones are a young family of antibiotics that have a wide action against
Gram-positive bacteria and include the first designed linezolid and the recent tedizolid.
In comparison with the former, tedizolid has shown a higher in vitro activity against
some microorganisms (four- to eight-fold lower minimum inhibitory concentration (MIC)
values), and its pharmacokinetic/pharmacodynamics parameters allow the once-daily
administration, which may improve treatment adherence. Also, tedizolid at approved
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doses seems to provide a better safety profile and less adverse events than linezolid,
especially in relation with myelotoxicity and drug–drug interaction [1–3].

Tedizolid is currently only approved for acute bacterial skin and skin structure infec-
tions (ABSSSIs), not including diabetic foot infections [4,5]. However, it seems reasonable
that tedizolid can be used in other clinical settings where linezolid has played a relevant
role. In this sense, difficult-to-treat osteoarticular infections mainly due to staphylococci
constitute a notable scenario where linezolid has provided good efficacy [6–8]. However,
adherence to linezolid treatment may involve some difficulties such as (i) the appear-
ance of myelotoxicity at two to four weeks of treatment, since osteoarticular infections
usually require longer treatments [8,9]; (ii) the decrease in linezolid serum levels when
combined with rifampicin, an anti-staphylococcal agent widely used in device-related in-
fections [10–13]; and (iii) the risk of serotonin syndrome when administered concomitantly
with antidepressants broadly used nowadays [14,15].

Despite the potential advantages of tedizolid in osteoarticular infections (higher micro-
biological activity, advantageous pharmacokinetic/pharmacodynamics parameters, lower
myelotoxicity, and drug–drug interactions) [1–3], clinical data on long-term treatment are
scarce [16]. Knowledge is limited to a few experimental studies [17–19], case reports [20]
and recently some case series in which tedizolid is prescribed for different indication
including osteoarticular infections [21,22]. Thus, in the present study, we intend to de-
scribe our multicenter experience within the Spanish Network for Research in Infectious
Diseases (REIPI) with long-term use of tedizolid in a cohort of patients with osteoartic-
ular and diabetic foot infections and focused on the efficacy and safety in monotherapy
or combination.

2. Results

A total of 51 cases were included in our study. Mean age was 64.8 ± 14.3 and 59%
(n = 30) were women. Median Charlson Index adjusted by age was 4 (IQR 3–7). Obesity
was present in 33% (n = 15) of the cases; other frequent comorbidities were diabetes mellitus
(n = 21, 41%), chronic renal disease (n = 16, 31%), malignancies (n = 7, 14%), and chronic
anemia (n = 4, 8%).

There were 53% (n = 27) diagnosis of osteoarthritis (n = 17 cases of peripheral os-
teomyelitis, n = 6 septic arthritis and n = 4 vertebral osteomyelitis; of which 1 case presented
simultaneously with septic arthritis of the ankle and osteomyelitis of the tibia), 33% (n = 17)
cases had a prosthetic joint infection (n = 8 post-surgical acute, n = 8 chronic and 1 case
with intraoperative positive cultures), and there were 18% (n = 9) cases of diabetic foot
infection, one of them presenting also with vertebral osteomyelitis. Thirty cases (59%) were
orthopedic device-related infections. Only two cases (4%) had bacteremia (both due to
methicillin-susceptible Staphylococcus aureus).

Microorganisms responsible for osteoarticular infections were identified in all but two
cases. There were 20 cases (39%) of polymicrobial etiology, 11 of them at the expense of
different Gram-positive isolates that were all treated with tedizolid, and the remaining cases
were mixed with Gram-positive and Gram-negative microorganisms. All Gram-positive
microorganisms involved are presented in Table 1.

Tedizolid was administered at a dosage of 200 mg per day orally for a median of
29 days (IQR 15–44); 63% of the cases (n = 32) received tedizolid for more than 21 days, and
in 70% of the cases (n = 36) time under tedizolid treatment represented more than 50% of
the whole antibiotic treatment duration. Causes for prescription of tedizolid are presented
in Table 2 (in 14 cases there was more than one reason); most common reason for initiate
tedizolid was the potential interaction between baseline treatment and linezolid (65%),
followed by the presence of anemia and/or thrombocytopenia (37%) and toxicity caused
by a previous antibiotic (16%).
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Table 1. Gram-positive microorganisms responsible of osteoarticular infections and treated with
tedizolid, from the 72 isolates in the whole cohort.

Microorganism Total %

Staphylococcus spp 47 65.3%
Staphylococcus aureus 21 29.2%

Methicillin resistant S. aureus 10 47.6%
Coagulase negative staphylococci 26 36.1%

Staphylococcus epidermidis 18 25%
Others 8 11.1%

Other gram positives 13 18.1%
Corynebacterium striatum 4 5.6%

Enterococcus spp. 1 4 5.6%
Streptococcus spp. 2 3 4.2%
Cutibacterium acnes 1 1.4%
Actinotignum schaali 1 1.4%

1 Enterococcus faecium n = 3, Enterococcus raffinosus n = 1. 2 Streptococcus pyogenes n = 1,
Streptococcus oralis n = 1, Streptococcus agalactiae n = 1.

Table 2. Reasons for Tedizolid prescription.

Reasons for Tedizolid prescription N %

Potential interaction with Linezolid 33 64.7%
Antidepressants 1 26 51%

Opioids 12 23.5%
Neuroleptics 4 7.8%

Anticonvulsants 2 4%
Cytopenia 19 37.3%

Anemia 10 19.6%
Thrombocytopenia 1 2%

Both 8 15.7%
Toxicity of previous antibiotic treatment 8 15.7%
Failure of previous antibiotic treatment 3 5.9%

Other 2 2 3.9%
1 All cases were under treatment with Serotonin Reuptake Inhibitors (SRIs). 2 Shortage of Linezolid.

Tedizolid was mainly administered as part of sequential switching therapy (n = 47,
92%; 3 cases as salvage therapy after failure), and only in 4 cases (8%) was the initial
treatment. Tedizolid was given in monotherapy (n = 27, 53%) and in combination (n = 24,
47%) almost in similar proportion; among combination therapy, in half of the cases (n = 12)
tedizolid was combined with rifampicin (600 mg once daily) representing 25% of all staphy-
lococci infections. Less usual tedizolid combinations were used to treat polymicrobial
infections with participation of Gram-negative bacteria; among them the most frequent
drugs were quinolones (n = 7, 14%) and carbapenems (n = 4, 5%).

Beside therapy with tedizolid, most of the cases were managed surgically (n = 41,
80%); among device-related infections, implants were removed in 57% cases. Among cases
with an evaluable outcome (n = 48; median of follow-up 630 days, IQR 269–818), the overall
cure rate was 83% and 8 cases (17%) failed. There were 3 deaths, all of them non-related
neither with the infection nor with tedizolid therapy, in which the outcome could not be
evaluated due to short follow-up after treatment. The cure and failure rates among each
type of osteoarticular infection are presented in Figure 1. Among failures, 4 of them were
prosthetic joint infections (3 of them were put on suppressive antibiotic treatment and the
remaining one underwent further surgery to cure the infection), 3 cases of osteoarthritis
(one case was a device-related infection managed with implant removal), and a case of
diabetic foot infection. Among staphylococci infections, there was no difference in outcome
when tedizolid was used in monotherapy vs. combination with rifampicin (failure rate of
21% vs. 0%, respectively, p = 0.118).
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13% 24% 13% 17%

87% 76% 88% 83%

Osteoarthritis
(n=23)

Prosthetic Joint
Infection (n=17)

Diabetic foot
infection (n=8)

Orthopedic
device-related

infection (n=29)

Failure Cure

Figure 1. Failure rates among different types of osteoarticular infection.

Therapy with tedizolid was well tolerated; the only adverse effect observed was
gastrointestinal disturbances in three cases (6%; nausea and occasional vomiting), but in
any case, treatment was withdrawn.

There was no worsening on the hemoglobin or platelet counts in the blood tests
between the beginning and the end of treatment with tedizolid neither in the group of
patients with cytopenia nor in those without (Table 3) or those where treatment was
prolonged for more than 21 days. In three cases, linezolid was switched to tedizolid
because myelotoxicity of the former and patients completed treatment without additional
worsening. The use of rifampicin in combination with tedizolid did not produce significant
differences in the final levels of hemoglobin or platelets in comparison with tedizolid in
monotherapy (Figure 2).

Table 3. Analytic values of patients under Tedizolid treatment.

Hematological
Parameters

N

At the
Beginning of

Treatment with
Tedizolid

(mean, SD)

At the End of
Treatment with

Tedizolid
(mean, SD)

p Value
Use of

Rifampicin

Days with
Tedizolid

(Median, IQR)

Hemoglobin (g/L) 45 108.6 ± 20.3 116.3 ± 18.4 0.079 - 29 (15–44)
No anemia * 10 137.5 ± 15.5 141.5 ± 11.8 0.596 30% 29 (17–42)

Mild anemia * 10 114.2 ± 4.4 116.4 ± 11.9 0.586 10% 20.5 (15–29)
Moderate and

severe anemia * 25 94.7 ± 2 105.4 ± 3.2 0.004 28% 31 (14–44)

Platelet count
(×109/L) 45 240.6 ± 114.6 238.9 ± 92.3 0.942 - 29 (15–44)

>150 × 109/L 33 290.7 ± 15.6 252 ± 20.7 0.134 30.3% 29 (17–42)
<150 × 109/L 12 102.7 ± 8.3 196.5 ± 17.5 0.001 8.3% 37 (9–100)

Leucocytes(×109/L) 45 6.42 6.51 0.887 - 29 (15–44)

* In accordance with definition in Section 4.2. No anemia was considered when; Hb > 130 g/L for men and Hb > 120 g/L for women.
Mild anemia; Hb 110–129 g/L for men and Hb 110–119 g/L for women. Moderate anemia considered Hb < 109 g/L and severe anemia
Hb < 80 g/L for men and women in both cases.
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Figure 2. Mean comparison of hemoglobin values and platelet count at the beginning and the end of treatment for those
cases receiving Tedizolid in monotherapy (a) or combination with Rifampicin (b).

Finally, among cases treated with tedizolid because of potential interaction between
linezolid and baseline treatment (n = 33), they were treated for a median of 34 days (IQR
17–51) and we did not observe adverse events (i.e., serotonin syndrome) or alteration of
basal disease (i.e., depressive syndrome) either during therapy with tedizolid or after it
was stopped.

3. Discussion

Tedizolid is recommended for the treatment of ABSSSIs for six days and still, there
is limited information in other settings or prolonged treatments. In the present study, we
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provide data about efficacy, the safety of long-term use (median of 29 days), and benefits of
tedizolid in a large cohort of patients with osteoarticular and diabetic foot infections.

Linezolid, the first approved oxazolidinone drug, has provided good outcomes in
osteoarticular infections [6–8,12]; however, there are still some concerns for its long-
term use regarding adverse events and drug–drug interactions. Comparing with line-
zolid, tedizolid shows a better microbiological activity and more favorable pharmacoki-
netic/pharmacodynamics parameters when used at the recommended dose of 200 mg daily.
In our experience, tedizolid both in monotherapy or combination provide good efficacy
in this field (cure rate 83%), comparable to that of linezolid. These results are difficult to
compare with previous work, because to our knowledge, there are no studies focused on
tedizolid efficacy in diabetic foot infections and only a recent experience of tedizolid for
more than six days in different types of infections, including some osteoarticular infection
cases [22]. Thus, larger experience in this setting is needed, but our results seem to be in
the line of considering tedizolid a good therapeutic alternative.

Among adverse events observed when using linezolid, anemia and/or thrombocy-
topenia is common when its use is prolonged beyond two weeks [9,12,23]. It requires
monitoring patients, especially those with previous cytopenia or particular risk factors.
Tedizolid can also cause dose-related myelotoxicity [16], but at a lower rate than line-
zolid [24]. Safety of long-term use of tedizolid was evaluated in healthy volunteers for
21 days [16], while most of the information in patients is limited to six days of treatment in
ABSSSIs [4,5,21], and there is little information with longer therapies where the appearance
of thrombocytopenia and anemia was observed in 7.4 and 1.2%, respectively [22]. In our
experience, tedizolid was administered a median of 29 days and was well tolerated without
relevant hematologic adverse events appearing or need for withdrawn, even in cases with
moderate/severe cytopenia at the start of therapy or those that were switched to tedizolid
after developing linezolid myelotoxicity [25].

Among the most relevant drug–drug interactions of linezolid, its use with rifampicin
should be emphasized since it is a major anti-staphylococcal agent broadly used in os-
teoarticular infections always in combination. Previous studies confirmed the interaction
between both drugs [3,13,26], as a result, serum linezolid levels decrease [10,11]. Inter-
estingly, this effect between tedizolid and rifampicin was not found in preclinical stud-
ies [3,17]; however, well-designed clinical and pharmacokinetic studies are not available.
In our experience, despite not determining the comparative serum levels of tedizolid when
monotherapy or combination with rifampicin was used, we did not observe differences
in the clinical outcome or the impact on hemoglobin or platelet counts in both groups. If
the absence of interaction between rifampicin and tedizolid is confirmed, the latter could
displace the use of linezolid in those patients who require it in a rifampicin combination.

Finally, treatment with linezolid can also be challenging when given concomitantly
with monoamine oxidase inhibitors and other antidepressants due to the risk of serotonin
syndrome, a rare but serious complication [14,15]. Tedizolid exhibits a weak reversible
monoamine oxidase inhibition in vitro effect, so drug–drug interaction is lower [27]. The
potential drug–drug interaction was the main reason (62.8%) for choosing tedizolid in our
cohort, and none of the patients interrupted their baseline treatment and no adverse event
was observed.

Our study has several limitations inherent to its retrospective nature, as well as the
heterogeneity between the different osteoarticular infections, and the limited number of
cases. As a result, the inference of our results in particular scenarios should be taken
with caution while waiting for wider experience. Also, the different surgical approaches,
which are a cornerstone of the treatment of osteoarticular infections, and the use of other
antibiotics before tedizolid or in combination (mainly with rifampicin), may have played a
role in the overall outcome. Furthermore, to assess the suitability of the rifampicintedizolid
combination or the use of tedizolid concomitantly with antidepressants, further specific
studies are needed. However, to our knowledge this is the first study assessing long-term
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use of tedizolid specifically in osteoarticular infections and carried out by specialists in the
field and, therefore, the information provided in terms of efficacy and safety is of interest.

4. Materials and Methods

4.1. Study Population and Settings

We conducted a retrospective multicenter study in three Spanish hospitals of the
REIPI-GEIO Network (January 2017 to March 2019). We included adult patients attended
for osteoarticular and diabetic foot infections caused by Gram-positive bacteria who had
received as part of their antibiotic treatment tedizolid at a regimen dose of 200 mg daily
for at least 7 days. Polymicrobial infections with the participation of Gram-negative
microorganisms were also included, whenever they received tedizolid in combination for
their treatment. Those cases where Gram-positive bacteria were involved after a different
primary infection (superinfection) were excluded.

We aimed to evaluate the efficacy and safety of cases treated with tedizolid for a
long-term period. Additionally, we aimed to evaluate the potential drug–drug interaction
between tedizolid and rifampicin or antidepressants.

4.2. Definitions and Data Collection

Osteoarticular infections were classified into 3 groups: osteoarthritis (including cases
with peripheral or vertebral osteomyelitis and septic arthritis), prosthetic joint infections,
and diabetic foot infections. All cases met the main diagnostic criteria [28–30] and man-
agement was carried out according to the attending medical team, in all cases, antibiotic
treatment was tailored by infectious diseases specialists.

Presence of anemia was classified in mild anemia when hemoglobin concentration
was between 110–129 g/L for men and 110–119 g/L for women, moderate anemia when
hemoglobin was below 109 g/L, and severe when it was below 80 g/L. Thrombocytopenia
was considered when platelet count was below 150 × 109/L.

Demographic data and baseline characteristics were collected. The presence of de-
pressive syndrome was specifically registered and the use of drugs with potential major
interaction with oxazolidinones such as mono-amino oxidase inhibitors, selective sero-
tonin reuptake inhibitors, opioids, and anticonvulsant drugs. The presence or absence
of orthopedic devices was documented and also the need for debridement surgery and
removal or exchange of orthopedic devices when necessary. Antibiotic treatment previous
and concomitant with tedizolid was also recorded. Microbiologic data were obtained from
intraoperative cultures, joint fluid samples, or targeted biopsies.

Written informed consent was considered not necessary for the study, as it was a
retrospective analysis of our clinical practice. Data of patients were anonymized for the
purposes of this analysis. Confidential information of patients was protected according the
Declaration of Helsinki. This manuscript was revised for its publication by Research Ethics
Committee of Bellvitge University Hospital (PR459/20).

4.3. Follow Up and Outcome

To monitor possible hematologic toxicity, we documented laboratory data at the
beginning of treatment with tedizolid, during treatment, and at the end of the antibiotic
treatment. The patients also underwent clinical follow-up to detect the presence of other
adverse events; gastrointestinal or neuropathic toxicity (optical and peripheral).

Cases were considered cured when there was no clinical evidence of infection and no
other need for antibiotic or surgical treatment once treatment with tedizolid was concluded.
Failure was considered when reappearance of infection signs once treatment was already
concluded, in cases of none improvement despite active treatment with tedizolid, the need
of suppressive antibiotic therapy to control the infection or death related with the infection.
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4.4. Statistical Analysis

Data were analyzed with Stata 14.2 (Stata Corporation, Texas 77845, USA). Categorical
variables were described by counts and percentages, while mean and standard deviation
or median and interquartile range (IQR) were used to summarize continuous variables.
Comparisons between groups were performed with either the chi-square test or Fisher
exact test for categorical variables, and the t-test or Mann-Whitney U test was used for
continuous variables.

5. Conclusions

In conclusion, tedizolid was effective and safe providing a valid therapeutic alterna-
tive for osteoarticular infections. Its higher microbiological activity and better pharma-
cokinetic/pharmacodynamics parameters comparing with linezolid, allow it to be used
at doses that show a better safety profile with less myelotoxicity and lower drug-drug
interaction including rifampicin and antidepressants. If further studies confirm these
advantages, tedizolid may become the oxazolidinone of choice in most patients with
osteoarticular infections.
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Abstract: Dalbavancin (DAL) is a lipoglycopeptide with bactericidal activity against a very wide
range of Gram-positive microorganisms. It also has unique pharmacokinetic properties, namely a
prolonged half-life (around 181 h), which allows a convenient weekly dosing regimen, and good
diffusion in bone tissue. These features have led to off-label use of dalbavancin in the setting of bone
and joint infection, including prosthetic joint infections (PJI). In this narrative review, we go over
the pharmacokinetic and pharmacodynamic characteristics of DAL, along with published in vitro
and in vivo experimental models evaluating its activity against biofilm-embedded bacteria. We also
examine published experience of osteoarticular infection with special attention to DAL and PJI.

Keywords: dalbavancin; prosthetic joint infection; gram-positive

1. Introduction

Total joint arthroplasties are common worldwide, and the incidence of this surgery
is expected to increase steadily in the coming years as the population ages [1]. The most
feared complication is infection, which is not associated with high mortality rates, but does
carry substantial morbidity, may require many surgeries, and the final results in terms
of limb functionality and pain resolution are not always satisfactory. At the same time,
prosthetic joint infections (PJI) represent a massive economic burden for healthcare systems
that continues to rise, and is expected to be around $1.62 billion in USA by 2030 [2].

PJIs are complex infections, in which the formation of biofilm, enabling bacteria to
evade the host immune system, is crucial. Biofilm-embedded bacteria can also develop
phenotypic changes that ultimately lead to antimicrobial tolerance and infection persistence.
Not all antimicrobials perform equally in this scenario, and not all antibiotics are ideal for
the treatment of PJI. In this context, the arrival of new antimicrobials is very welcome [3].

DAL is a lipoglycopeptide (Xydalba; https://www.ema.europa.eu (accessed on 27
May 2021)) that is almost universally active against Gram-positive bacteria, which are by
far the leading cause of PJIs [4]. A number of clinical trials [4–7] have demonstrated its
safety and efficacy for the treatment of skin and soft tissue infections, which stand as the
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only licensed indication for this antibiotic. However, the wide antimicrobial spectrum
of this drug and its unique pharmacokinetic (PK) properties, with a half-life of 181 h [8]
and prolonged concentrations in bone tissue [9], along with a good safety profile have
led physicians to use it for a number of off-label indications [10,11], which include the
treatment of bone and joint infections as well as PJI. In addition, resistance emergence
under DAL treatment is, although possible, a very rare phenomenon. In this particular
setting, the need for treatment over long periods, coupled with the long half-life of DAL
mean that the antibiotic can be used on a convenient weekly basis.

In this narrative review, we assess the role of DAL in the treatment of PJI. We review the
drug’s PK profile, pharmacodynamic (PD) properties, activity against biofilm-embedded
bacteria in in vitro and in vivo experimental models, and finally, we evaluate the available
clinical experience in PJI.

2. Search Strategy and Selection Criteria

The PubMed database was screened for any manuscript published at any time ad-
dressing the efficacy of DAL in the setting of biofilm-associated infections, bone and
joint infections, and especially PJI. The terms “dalbavancin”, “prosthetic joint infection”,
“biofilm”, “foreign-body”, “arthroplasty”, and “osteomyelitis” were combined. Abstracts
and relevant full-length articles were reviewed, and a thorough search was made of the
references in these papers in order to select other significant studies. Our review is not
exhaustive but focuses on relevant articles regarding the efficacy on DAL on the setting of
PJI, and it was restricted to articles written in English and Spanish. We directly contacted
the corresponding authors of published cases series of PJI treated with DAL in order to
obtain further details.

Definitions
MIC50: Minimum inhibitory concentration required to inhibit the growth of 50% of

organisms.
MIC90: Minimum inhibitory concentration required to inhibit the growth of 90% of

organisms.
MBIC: Minimum biofilm inhibitory concentration. The lowest concentration of an

antimicrobial agent required to inhibit the formation of biofilms.
MBBC: Minimum biofilm bactericidal concentration. The lowest concentration of an

antimicrobial agent that eradicates 99.9% of biofilm-embedded bacteria.

3. Dalbavancin in Prosthetic Joint Infections

3.1. DAL Pharmacokinetics

The pharmacokinetics of DAL are linear and dose-proportional, with the peak concen-
tration (Cmax) and area under the curve (AUC) increasing according to the dose adminis-
tered, while its half-life (T1/2) of around 7 days remains essentially unchanged [8]. A high
protein-bound fraction (>90%) contributes to this prolonged T1/2 [12,13]. It has been proven
that serum bactericidal activity remains measurable at 7 days after a dose of 500 mg or
higher, which establishes the basis for the weekly based dosing regimen proposed [8,14].
DAL concentrations before the following weekly dose have consistently been shown to
range from 33.0 μg/mL to 40.2 μg/mL [12]. For skin and soft tissue infections, the recom-
mended dosage consists of a loading dose of 1000 mg followed by 500 mg seven days later.
Cmax and AUC for doses of 500 and 1000 mg of DAL are 133 μg/mL and 312 μg/mL and
11,393 μg·h/mL and 27,103 μg·h/mL, respectively [8].

Solon et al. studied the diffusion of 20 mg/kg of DAL in bone tissue and periarticular
structures by administering radioactive [14C]-DAL to rats. Over a 14-day period, the
mean bone-to-plasma concentration ratio was 0.63, and the AUC in bone was 1125 μg
eq·h/mL [15]. Later, in a phase-1 trial, Dunne et al. showed that DAL concentrations in
cortical bone 12 h and 2 weeks after a single infusion of 1000 mg of DAL were 6.3 μg/g
and 4.1 μg/g, respectively. In that study, the bone-to-plasma AUC ratio was determined
to be 0.13. Of interest, based on population PK modeling, that study proposed a DAL
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regimen consisting of two 1500-mg intravenous infusions 1 week apart, which would
provide concentrations in bone above the MIC90 for staphylococci for at least 8 weeks [9].

There is little information regarding intracellular concentrations of DAL. In macrophages,
it has been observed to be higher than vancomycin and teicoplanin [13]. Still, we are not
aware of studies on the activity against intracellular bacteria, which may be important
reservoirs of infection in the setting of biofilm-associated infections [16].

In contrast with other glycopeptides (i.e., vancomycin, teicoplanin), one-third of the
dose of DAL was observed to be excreted unchanged into urine, suggesting that additional
non-renal pathways of elimination, probably feces, are important, as demonstrated previ-
ously in rat models [17]. Although dose adjustment does not seem necessary for mild renal
impairment, patients with creatinine clearance <30 mL/min would need dose adjustment.
In contrast, hemodialysis is not an important route of elimination of DAL, so that dose
adjustment is not required as described in the summary of product characteristics (Xydalba;
https://www.ema.europa.eu (accessed on 27 May 2021)). DAL is neither a substrate, nor
an inhibitor or inducer of liver CYP-450. DAL does not require dosage adjustment in
patients with hepatic impairment either [18].

3.2. DAL Pharmacodynamics
3.2.1. Mechanism of Action and Determination of In Vitro Activity of Dalbavancin

DAL is a semisynthetic drug, structurally derived from the natural glycopeptide
A40926 produced by Nonomuraea spp. [19], and its structure is closely related to teicoplanin.
DAL inhibits the late stages of peptidoglycan synthesis interrupting bacterial cell wall
synthesis by binding to the terminal D-alanyl–D-alanine terminus of pentapeptide peptido-
glycan precursors [20].

Determination of DAL minimum inhibitory concentration (MIC) must be made by
the standard broth microdilution method in cation-adjusted Mueller–Hinton broth sup-
plemented with 0.002% (v/v) polysorbate-80. In addition, the gradient diffusion method
procedure (Etest®) can be used as an alternative that has also demonstrated a high degree
of agreement with the standardized broth microdilution method (EUCAST: The European
Committee on Antimicrobial Susceptibility Testing. Breakpoint tables for interpretation of
MICs and zone diameters. Version 11.0, 2021. http://www.eucast.org (accessed on 27 May
2021) [21]. The disk diffusion method and the agar dilution method are unreliable for the
determination of susceptibility to dalbavancin.

The European Committee on Antimicrobial Susceptibility Testing (EUCAST) has de-
fined the breakpoints for interpretation of DAL MICs only against Staphylococcus spp.,
Streptococcus groups A, B, C, and G, and Streptococcus anginosus group (S. anginosus, S. inter-
medius, S. constellatus), with those isolates with DAL MICs of ≤0.125 mg/L being suscepti-
ble, and those with dalbavancin MIC values of >0.125 mg/L being resistant. In addition,
EUCAST has established DAL PK/PD non-species related breakpoints, with the isolates
with DAL MICs of ≤0.25 mg/L being susceptible and those with MICs > 0.25 mg/L being
resistant.

3.2.2. In Vitro Activity of Dalbavancin against Planktonic Gram-Positive Microorganisms

DAL is bactericidal against most Gram-positive microorganisms commonly involved
in the etiology of PJI (essentially Staphylococcus spp., Streptococcus spp. and Enterococ-
cus spp.).

Data from worldwide collections of strains have shown very low DAL MIC values. Of
interest, the most recent data on behalf of DAL activity against all these microorganisms, as
of January 2021, show that DAL MIC90 values have remained stable, being ≤0.06 μg/mL
against different species [22]. In S. aureus, resistance to dalbavancin is exceptional, and the
MIC90 is 16-fold lower than that of vancomycin (VAN) (0.06 μg/mL vs. 1 μg/mL) [23].
DAL activity has also been observed to be the same irrespective of oxacillin susceptibil-
ity [20,24], in contrast to coagulase-negative staphylococci (CoNS), which show a DAL
MIC90 of 0.06 and 0.12 μg/mL for strains susceptible and resistant to oxacillin, respec-
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tively [25]. Since almost all S. aureus strains that are vancomycin-susceptible are also
DAL-susceptible, vancomycin susceptibility can be considered a surrogate marker of DAL
activity. Consequently, vancomycin-resistant S. aureus (VRSA) is also resistant to DAL, and
its usefulness against heteroresistant vancomycin-intermediate S. aureus (hVISA) is cur-
rently a matter for debate [26]. The loss of susceptibility against other anti-Gram-positive
antibiotics (i.e., teicoplanin, telavancin, daptomycin, and linezolid) does not correlate with
a decrease in DAL activity [27]. In the case of CoNS, Cercenado et al. observed that DAL
maintained its activity even against teicoplanin-resistant strains, as long as teicoplanin MIC
was ≤8 μg/mL. (P1500: XXVII European Congress of Clinical Microbiology and Infectious
Diseases; 22–25 April 2017; Vienna, Austria). In summary, according to published data,
DAL is very active against Staphylococcus spp. with MIC90 values below the EUCAST
susceptibility breakpoint.

Regarding enterococci, DAL activity against vancomycin-susceptible enterococci is
comparable to that of staphylococci, although vancomycin-resistant Enterococcus spp. pose
a challenge for DAL, as this antimicrobial is not active against isolates exhibiting the
VanA phenotype. However, DAL is active against strains displaying the VanB phenotype
(vancomycin-resistant, with variable susceptibility to teicoplanin), showing MIC90 values
around 1 μg/mL, and it is also active against strains of E. gallinarum and E. casseliflavus that
express the VanC phenotype, characterized by intrinsic resistance to vancomycin, but sus-
ceptibility to teicoplanin. Overall, it can again be assumed that vancomycin susceptibility
is a good surrogate marker of DAL susceptibility in Enterococcus spp. and that teicoplanin
susceptibility can also be used as a surrogate in vancomycin-resistant strains [23,24].

DAL activity against Streptococcus spp. (including penicillin-resistant viridans group
isolates, penicillin-resistant S. pneumoniae, S. anginosus group, and ß-haemolytic strepto-
cocci) is very high. Resistance to DAL in streptococci is anecdotal, as MIC90 values are
below 0.3 μg/mL for S. viridans and 0.12 μg/mL for S. agalactiae [23,28–30]. Finally, DAL
has also been found to be active against other Gram-positive microorganisms eventually
found to be the cause of PJI. MIC90 values for Corynebacterium spp. range between <0.03
and 0.5 μg/mL, and DAL also shows bactericidal activity against anaerobic Gram-positive
cocci, such as Peptostreptococcus spp., Finegoldia magna, and Anaerococcus spp., with MIC90
ranging from 0.12 to 0.5 μg/mL [23,30,31]. Concerning its activity against Cutibacterium
acnes (formerly Propionibacterium acnes), Goldstein et al. [30], in a study including 15 isolates,
communicated MICs ranging from 0.03 to 0.5 mg/L, with MIC50 and MIC90 values of 0.25
and 0.5 mg/L, respectively.

As indicated above, it is important to note that EUCAST (www.eucast.org (accessed
on 27 May 27 2021)) has not defined a DAL breakpoint for Corynebacterium spp. and for
anaerobes and defines a non-species related PK/PD breakpoint for DAL of ≤0.25 μg/mL.
In this regard, antimicrobial susceptibility testing should be performed in all of the above-
described organisms with MIC90 values of 0.5 mg/L.

3.2.3. Activity of DAL against Biofilms of Gram-Positive Microorganisms:
In Vitro Experience

A number of studies evaluating the activity of DAL against biofilm formation and
eradication are summarized in Table 1 [30–35]. Overall, antimicrobial susceptibility stud-
ies on 96-well microtiter plates have shown that very low DAL concentrations are able
to inhibit biofilm formation in a very large number of strains of staphylococci (both
methicillin-susceptible and methicillin-resistant), streptococci, and enterococci (MBIC90
< 1 μg/mL). These values were lower than those observed for other antimicrobials such
as vancomycin (MBIC90 2–4 μg/mL), tedizolid, and daptomycin. Concentrations needed
to eradicate biofilm are higher, with MBBC90 ranging from 1 to 16 μg/mL depending on
the species, but they were still much lower relative to other comparators (vancomycin
MBBC90 > 32–128 μg/mL). The exception were vancomycin-resistant enterococci, which
showed very high MBIC90 and MBBC90 for all the anti-Gram-positive antimicrobials tested,
including DAL. Regardless of the vancomycin resistance type (VanA or VanB pheno-
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types), all vancomycin-resistant enterococci had dalbavancin MICs, MBICs, and MBBCs >
16 μg/mL [33].

Table 1. Summary of in vitro and in vivo pre-clinical models of dalbavancin activity against biofilm-embedded bacteria.

Reference Microorganisms Design Results

Fernández et al.,
2016 [32] &

Schmidt-Malan
et al., 2016 [34]

171 staphylococcal
clinical isolates from

prosthetic joint
infections

Adapted Calgary-device 1. Biofilms
were 6 h mature before confronting

antibiotics during 20 h. Comparators:
DAL, VAN and TDZ, at increasing

concentrations.

DAL: MBIC90 0.12–0.50 μg/mL, MBBC90 2–4 μg/mL
VAN: MBIC90 2–4 μg/mL, MBBC90 >128 μg/mL
TDZ: MBIC90 2–4 μg/mL, MBBC90 >32 μg/mL

Knafl et al.,
2017 [36]

10 MRSA plus 10 MRSE
clinical strains

96-well microtiter plate with a 24 h
biofilm, exposed during 24 h to

increasing concentrations of DAL.
Measure of remaining biofilm was

made by CV dying 2. No comparators.

MRSA: MIC range 0.031–0.064 μg/mL; MBC 1–4 μg/mL
MRSE: MIC range 0.023–0.625 μg/mL; MBC 2–16 μg/mL

Neudorfer et al.,
2018 [33]

Clinical isolates
58 E. faecalis
25 E. faecium

Adapted Calgary-device 1. Biofilms
were 6 h mature before confronting

antibiotics during 20 h. Comparators:
DAP and VAN

DAL: for VSE: MBIC90 0.25 μg/mL, MBBC90 1 μg/mL for
VRE: MBIC90 > 16 μg/mL, MBBC90 >16 μg/mL

VAN: for VSE: MBIC90 2 μg/mL, MBBC90 >128 μg/mL for
VRE: MBIC90 > 128 μg/mL, MBBC90 > 128 μg/mL

DAP: for VSE: MBIC90 4 μg/mL, MBBC90 128 μg/mL for
VRE: MBIC90 4 μg/mL, MBBC90 128 μg/mL

Di Pilato et al.,
2020 [35]

9 clinical isolates plus 3
referral isolates (3

MSSA,
3 MRSA, 2 MSSE, 4

MRSE)

Model 1. Adapted Calgary device.
Biofilms were 7-days mature before

confronting antibiotics during other 7 d.
Model 2. Ti and Cr-Co disks cultured
during 48 h and then confronted to

antibiotics during 7 d. Both
experiments used DAL and VAN at

doses of 1, 4, and 16 μg/mL

Model 1. Heterogeneous response to antibiotics. Overall,
DAL showed a higher and faster reduction of

biofilm-embedded bacteria over time as compared with VAN,
both at lower and higher dosages.

Model 2. Similar effect against biofilm formed over Ti and
Cr-Co disks, except for medium dosages (4 μg/mL), where

DAL showed higher reductions of biofilm-embedded
bacteria

Žiemytė et al.,
2020 [37]

Clinical isolates of
MSSA, MRSA and

MRSE

Experiments of biofilm inhibition and
treatment (6–9 h-old biofilms).

Measurement of biofilm growing over
20 h by electrical impedance. Treatment
with increasing concentrations of DAL,

CLX, VAN, LNZ, and RIF

1. Biofilm inhibition. MBIC of DAL ranged 0.5–2 μg/mL. RIF
and DAL showed the highest inhibitory efficacy as compared

with CLX, VAN and LNZ.
2. Biofilm treatment. DAL stopped or reduced biofilm at 8–32
μg/mL. Comparators had no effect for S. aureus biofilm. For
S. epidermidis biofilm, RIF and CLX were more effective than

DAL at lower concentrations.

Darouiche et al.,
2005 [38]

S. aureus
(MIC 0.06 μg/mL)

Rabbit model of infection with catheter
tips implanted in subcutaneous pockets.

Treatments are administered
pre-operatively so to avoid the infection
of the foreign material. DAL is given at
10 mg/kg, and VAN at 20 mg/kg (and

then again 24 h after surgery)

In animals treated with placebo, only 47% of catheter tips
were infected. The rate of infection in the DAL group was
28% (p = 0.2 when compared to placebo), and 53% in the

VAN group (p = 0.8). Serum Cmax of DAL was 80.3 μg/mL,
and at day 3 it was 1.3 μg/mL. At day 7 it was only

detectable in two rabbits of four (0.4 and 0.6 μg/mL).

Baldoni et al.,
2013 [39]

MRSA
ATCC 43300

MIC 0.078 μg/mL

Tissue-cage infection model in
guinea-pigs. Treatment starts 3 days
after inoculation. Three regimes of

DAL:
40 mg/kg—Cmax 44.6 μg/mL,

AUC0–7d 3393 μg·h/mL
60 mg/kg—Cmax 55.6 μg/mL,

AUC0–7d 4298 μg·h/mL
80 mg/kg—Cmax 68.8 μg/mL,

AUC0–7d 4464 μg·h/mL 3

T1/2 35.8 to 45.4 h. Other regimes: DAL
+ RIF, RIF

DAL monotherapies had a discreet killing (inferior to RIF
alone) with an infection eradication rate of 0%. The

combination of RIF + DAL achieved an eradication rate
similar to RIF alone (25–36%). Only high doses of DAL

(80 mg/kg) avoided the emergence of rifampin resistance.

Barnea et al.,
2016 [40]

MRSA
(Clinical strain).

MIC 0.06 μg/mL

Rat animal infection model of wound
infection and sternal osteomyelitis.

Treatment started 24 h after inoculation.
DAL was given as an initial bolus of

20 mg/kg followed by 10 mg/kg/d for
7 or 14 days. VAN was given at 50

mg/kg/12 h for 7 or 14 days.

DAL was similar to VAN and better than the absence of
treatment. Administration of DAL and VAN avoided

systemic dissemination of staphylococcal infection.
Concentration of DAL in bone tissue at 4, 6 and 10 days was

9.5 μg/g, 9.2 μg/g, and 10.7 μg/g, respectively

DAL: Dalbavancin. DAP: Daptomycin. VAN: Vancomycin. LNZ: Linezolid. TDZ: Tedizolid. CLX: Cloxacillin. RIF: Rifampin. MRSA:
Methicillin-resistant Staphylococcus aureus. MSSA: Methicillin-susceptible S. aureus. MRSE: Methicillin-resistant Staphylococcus epidermidis.
MSSE: Methicillin-susceptible S. epidermidis. VSE: Vancomycin-susceptible enterococci. VRE: Vancomycin-resistant enterococci. CV: Crystal
violet. MIC: Minimal inhibitory concentration. 1 Pegged-lids confronted to 96-well microtiter plates. MBIC (minimal biofilm inhibitory
concentration) is determined by turbidity after confronting the pegs with antibiotics. MBBC (minimal biofilm bactericidal concentration) is
determined after incubating the pegged-lid in 96-well microtiter plates with fresh media after having confronted the pegs with antibiotics.
2 MBC was defined as a 50%-reduction in the optic density value as compared with positive controls in the 96-well microtiter plate. 3

PK of 80 mg/kg is comparable to data observed in blister of patients after a single dose of DAL 1000 mg (Cmax 67 μg/mL, and AUC0–7d
6438 μg·h/mL) [41].
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Information regarding the anti-biofilm activity of DAL using models with long ex-
posure times was almost non-existent until the end of the last decade, when Di Pilato
et al. evaluated the time-kill kinetics of DAL against biofilms of nine clinical strains of
S. aureus and CoNS, using both a standardized biofilm model and biofilms grown on
titanium and cobalt-chrome disks. DAL and vancomycin were used at concentrations of 1,
4, and 16 μg/mL. Against biofilms formed over 7 days on microtiter plates, the response
to antibiotics was heterogeneous, although DAL showed faster and greater reduction of
biofilm-embedded bacteria in the majority of the strains studied, especially at concentra-
tions of 4 μg/mL and 16 μg/mL. In biofilms formed on Ti and Co-Cr disks, DAL was more
active than vancomycin at medium concentrations (4 μg/mL), which may be expected in
bone tissue [35].

More recently, Žiemytė et al. proposed a real-time, impedance-based cell analysis in
order to facilitate the determination of antimicrobial susceptibility when bacteria grow
in biofilms [37]. In this study, DAL ability to prevent S. aureus and S. epidermidis biofilm
formation was compared with that of other antimicrobials commonly used for treating
PJI (linezolid, rifampin, vancomycin, cloxacillin). The MBIC of DAL ranged from 0.5
to 2 μg/mL, and in combination with rifampin showed the highest biofilm inhibitory
effect. With respect to the eradication of 6- to 9-h biofilm, DAL stopped or reduced biofilm
formation at concentrations of 8–32 μg/mL. The other antimicrobials showed no activity
against biofilm formed by S. aureus. For biofilms of S. epidermidis, low concentrations of
DAL were active, although less than the combination of cloxacillin plus rifampin.

3.2.4. Activity of DAL against Biofilm of Gram-Positive Microorganisms: Experimental In
Vivo Experience

A few in vivo experimental models [37–39,42] have assessed the efficacy of DAL in
biofilm prevention and treatment (Table 1). Darouiche et al. compared DAL, vancomycin,
and a placebo for preventing colonization of subcutaneously placed devices in a rabbit
animal model inoculated with 103 colony-forming units of S. aureus. Although not statisti-
cally significant, there was a trend toward a lower colonization rate in rabbits that received
DAL before the procedure [38]. Nevertheless, the rate of foreign body contamination in
rabbits receiving placebo was around 50% (lower as compared with other animal models),
thus questioning the validity of the model and its discriminatory power for assessing the
efficacy of antimicrobials.

In 2013, Baldoni et al. tested the ability of DAL to eliminate methicillin-resistant
S. aureus (MRSA) biofilms in an animal model of tissue-cage infection. DAL and rifampin
were administered intraperitoneally, the former at different doses (20, 40, and 80 mg/kg,
which produced AUC0–7d of 3393, 4298, and 4464 μg·h/mL, respectively). In monotherapy,
DAL yielded a very modest killing, but in combination with rifampin, eradicated infection
in one third of the cages. Of note, only the higher dosage (80 mg/kg) of DAL was able to
prevent the development of rifampin resistance [39].

More recently, Barnea et al. studied the efficacy of DAL for the treatment of sternal
osteomyelitis and mediastinitis caused by MRSA using a median sternotomy model in
Lewis rats. The efficacy of DAL was proven to be similar to that of vancomycin for the
treatment of sternal osteomyelitis and superior to placebo, and also reduced systemic
dissemination of staphylococcal infection. DAL concentrations in bone tissue after 10 days
of administration were 10.7 μg/g [40].

The models of animal infection suggest a role for DAL in the PJI setting, although
some concerns arise after a thorough study of their results. First, in contrast to many of the
in vitro studies previously reviewed, the dosages of DAL in some of the in vivo models
may have provided lower antibiotic exposure compared to human PK. Second, more data
on the combination of DAL with rifampin and comparisons with other rifampin-based
combinations would be welcome in order to place DAL in the armamentarium of PJI
caused by Gram-positive microorganisms.
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3.2.5. Clinical Experience with DAL for Treating Prosthetic Joint Infections

As stated above, the broad antimicrobial spectrum of DAL and its PK properties sup-
port its use outside its approved indications. DAL is an attractive alternative in scenarios
such as bloodstream infections, endocarditis, and osteomyelitis [10,43–46], even though
clinical trials exploring these off-label indications of DAL are scarce.

However, in a randomized clinical trial, Rappo et al. explored the efficacy and safety of
DAL for the treatment of osteomyelitis known or suspected to be caused by Gram-positive
pathogens [46]. In that single-center study conducted in the Ukraine, DAL was compared
with the standard of care (vancomycin was the most frequently used comparator) and the
primary endpoint was clinical response at day 42. Failure was defined as the requirement
of additional antibiotics, new purulence, the need for new surgery, and/or amputation.
A clinical cure at day 42 was 97% in the DAL arm compared to 88% in the standard of
care. Reported follow up only extends to 1 year. Even though the patients included did not
have orthopedic hardware, the results are encouraging for the use of DAL in the treatment
of osteitis persisting after prosthesis removal, in other words, in the setting of a two-step
exchange procedure.

Meanwhile, scattered cases have been reported [47]. Furthermore, Buzón-Martín et al.
reported their experience of 16 cases of PJI treated with DAL, which is so far the largest
single-institution report [48]. Brief details of surgical strategies and antimicrobial treatment
were provided. Overall, so as to now, 88% of patients had their infection resolved and there
were no major adverse events (Buzón-Martín, unpublished data).

In addition, a number of case series with real-world experience with DAL have been
published, also including cases of PJI (Table 2) [45,48–52]. Common limitations found in
these case series are the inclusion of small sample sizes, patient heterogeneity, aggregate
outcomes of patients with PJI along with other orthopedic-related infections, and lack
of details about surgical management. In fact, the goals and difficulties of treatment
vary considerably depending on the type of PJI (acute vs. chronic) and whether the
prosthesis is retained or removed. The main objectives of the treatment of PJI are to
eradicate infection and maintain a pain-free prosthetic joint. In this context, one of three
major strategies can be chosen when faced with a given PJI: To attempt eradication and cure
with prosthesis retention (debridement, antibiotics, and implant retention—DAIR), attempt
eradication and cure with prosthesis removal (followed by prosthesis reimplantation in
either a one- or two-stage exchange procedure, or else a joint arthrodesis), or prosthesis
retention, abandoning the attempt to eradicate the infection in favor of chronic suppressive
antimicrobial therapy [53]. Bearing this in mind, a given antibiotic can perform very
differently depending on which surgical strategy has been chosen.

Table 2. Clinical series published on the experience with DAL, including cases of bone and joint
infection and prosthetic joint infection.

Reference n Bone & Joint Infection
(Other than PJI)

Episodes of PJI
PJI Outcome
(Success, %)

Bouza et al., 2017 [51] 69 13 20 80%
Morata et al., 2019 [50] 64 NP 26 NP
Tobudic et al., 2019 [45] 72 20 8 75%
Wunsch et al., 2019 [49] 101 30 32 94%
Martín et al., 2019 [48] 16 0 16 88%
Dinh et al., 2019 [52] 75 48 NP NP

NP: not provided. PJI: prosthetic joint infection.

An additional limitation of these studies is the wide heterogeneity in the use of DAL,
even within the same institutions. Loading doses on day 1 ranged from 1000 mg to 1500 mg,
and following doses at day 7 ranged from 500 to 1500 mg. The number of doses was also
very variable, as some patients were treated with just two doses after prosthesis removal
and others received more than 20 doses in the setting of a suppressive strategy [45,48,49,54].
Some authors [48] have even suggested that a biweekly administration strategy might be
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useful in this setting. As mentioned before, Dunne et al. [9] settled the rationale basis for
a weekly administration of two doses of 1500 mg of DAL, and Rappo et al. proved its
efficacy for treating osteomyelitis [46]. Noteworthily, these two 1500 mg doses on day 1
and day 7 of the scheme were only used in 6 out of 12 cases in the Graz series [49], but
were not used in the series of Buzón-Martín, Tobudic, and Morata [45,48,50]. So far, the
ideal dosing strategy of DAL for PJI remains unanswered, but perhaps two 1500 mg doses
on day 1 and 7 after prosthetic removal is the scheme with a more solid investigational and
clinical evidence backup [9,46].

In order to overcome the limitation of the studies heterogeneity, we contacted the
authors of three of the above-mentioned case series. Dr. Zollner-Schwetz, Dr. Tobudic,
and Dr. Buzón-Martín kindly provided more specific data of 36 patients treated at their
institutions (Table 3). The majority of patients had already been given other antimicrobials
and undergone previous surgeries, and DAL was used as salvage therapy, thus facing
greater challenges. The reported etiologies were also heterogeneous, and half the patients
were given DAL in combination. DAIR management was anecdotal in these cases and was
only performed in two patients. The majority of infections were treated with prosthesis
removal (27/36, 75%), a strategy that led to a success rate of 25/27 (92.6%) after a median
follow up of 16 months. Within this group, 20/27 (74%) patients were treated with a
two-stage revision procedure, two (7.4%) with single-stage revision, and three (11.1%)
patients with resection arthroplasty. Of interest, a number of patients were treated with
prosthesis retention plus DAL as suppressive antimicrobial therapy (7/36, 19.4%) with
successful retention of the prosthesis in the short term in three cases (42.9%). Although large
series of suppressive treatment with DAL for other conditions are lacking, there is some
evidence to suggest that DAL can be safely administered as compassionate treatment for
several months, or even years for non-surgical prosthetic endocarditis (Dr. Buzón-Martín,
unpublished data).

Table 3. Cases of PJI treated with dalbavancin according to the surgical strategy adopted (data from Buzón et al., Tobudic
et al., and Wunsch et al.).

DAIR
(n = 2)

Prosthesis Removal
(n = 27)

Implant Retention and
Suppressive Treatment (n = 7)

All Patients
(n = 36)

Sex (female) 1 (50%) 11 (40.7%) 3 (42%) 15 (43%)
Age *,1 (years) 69 (67–71) 69 (18–87) 62 (15–92) 67 (15–92)

Number of surgeries before DAL 1 2 (1–4) 2.5 (1–3) 1.8 (1–4)
Treatments
DAL alone 2 (100%) 11 (40.7%) 5 (71%) 18 (50%)

DAL + rifampin 0 7 (26%) 2 9 (25%)
DAL + other treatments 0 9 (30%) 0 9 (25%)

Etiology
S. aureus 2 0 5 (18.5%) 1 (14%) 6 (17%)

CoN staphylococci 2 (100%) 6 (22.2%) 2 (29%) 10 (28%)
Enterococcus spp 3 0 4 (14.8%) 1 (14%) 5 (14%)

Anaerobic GP 0 1 (3.7%) 0 1 (3%)
Other GP 0 2 (29%) 2 (6%)
Mixed GP 0 10 (37%) 10 (28%)

Unknown etiology 0 1 (14%) 1 (3%)
Outcome (Success) 1 (50%) 25 (93%) 4 (57%) 4 29 (81%)

Follow up (months) *,1 4 (2–6) 16 (3–40) 6 (3–14) 14 (2–40)

* Continuous variables are expressed as median and (range). 1 Data available for 20 patients. 2 There were 4 methicillin-susceptible strains
(3 managed with prosthesis removal and 1 by suppressive antimicrobial therapy), and 2 methicillin-resistant strains (both managed by
prosthesis removal). 3 There were 4 E. faecium (all treated with prosthesis removal) and 1 E. faecalis (treated with suppressive antimicrobial
treatment). 4 One patient died to unrelated causes after three months with no clinical or biochemical signs of failure. Abbreviations: DAL:
dalbavancin. CoN: coagulase-negative. GP: Gram-positives. DAIR: debridement, antibiotics, and implant retention.

Overall, these revisited cases suggest that there is still insufficient experience with
the use of DAL in the setting of DAIR, but that good results can be expected in the case of
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prosthesis removal. The use of DAL as chronic suppressive therapy could be considered
in very carefully selected situations when other alternatives are lacking, although we still
need more experience and information regarding the most suitable and sustainable dosage.
Finally, as expected, we still need to find out which is the best DAL dosing schedule for
treating PJI.

3.3. DAL as a Cost-Saving Strategy

Cost-saving is an additional issue, which probably justifies the use of DAL in patients
with PJI. In the DALBUSE study, Bouza et al. found DAL to be cost-saving [51], and
Buzón-Martín et al. observed that the use of DAL allowed an early discharge of most
patients, with a presumably relevant impact in terms of healthcare costs. Applying the
same cost analysis previously reported by Bouza et al. in the DALBUSE study, an estimated
571 days of hospitalization were avoided and a total of US $264,769 saved [48].

Several other reports position DAL as a cost-saving alternative [55,56], although, in a
recent study, the results of González et al. pointed in the opposite direction [57], finding
DAL to be more expensive than the standard of care for the treatment of skin and soft tissue
infections. Nevertheless, in the same journal, Bookstaver et al. replied with more specific
considerations other than cost and calling for other issues to be taken into account when
thinking about antimicrobial stewardship [58]. It is also important to state that cost-saving
analyses are quite difficult to extrapolate from the USA to other health systems in Europe,
mainly those that are 100% public.

4. Conclusions

DAL’s unique PK properties and high bactericidal activity are attractive characteristics
for the treatment of bone and joint infections, including PJI. The possibility of using DAL
in an outpatient setting, with the associated cost-saving impact, as well as the obvious
improvement in therapeutical adherence compared with oral treatments, increases its value
in infections where long treatments are necessary.

With regard to this, although the specific DAL concentrations used in pre-clinical
models are not always consistent with human PK, and there is very scarce information on
intracellular activity, the results of DAL against biofilm-embedded bacteria are encouraging.
In addition, a randomized clinical trial states that DAL is non-inferior to the standard of
care in bone infections with no orthopedic hardware. The reported clinical experiences
of use of DAL in PJI are scarce and heterogeneous, but its use in the setting of prosthesis
removal seems reasonable and effective. We still need more data regarding its use in the
setting of prosthesis retention, and also in combination with established antimicrobials
such as rifampin.

Author Contributions: Conceptualization, L.B.-M. and J.L.-T.; methodology, L.B.-M., I.Z.-S., S.T.,
E.C. and J.L.-T.; software, L.B.-M. and J.L.-T.; validation, L.B.-M., I.Z.-S., S.T., E.C. and J.L.-T.; formal
analysis, L.B.-M.; investigation, L.B.-M., I.Z.-S., S.T., E.C. and J.L.-T.; resources, L.B.-M., I.Z.-S., S.T.,
E.C. and J.L.-T.; data curation, L.B.-M., I.Z.-S., S.T. and J.L.-T.; writing—original draft preparation,
L.B.-M.; writing—review and editing, L.B.-M. and J.L.-T.; visualization, L.B.-M., E.C. and J.L.-T.;
supervision, L.B.-M. and J.L.-T.; project administration, L.B.-M. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Ethical review and approval were waived for this study, as
this is a review of previously published studies.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank Janet Dawson for reviewing the English Manuscript. We are also
indebted to Florian Thalhammer for his collaboration.

71



Antibiotics 2021, 10, 656

Conflicts of Interest: J.L.-T. and L.B.-M have received conference grants from Angelini. I.Z.-S.
received conference grants from Angelini and served on an advisory board for Angelini.

References

1. Kurtz, S.; Ong, K.; Lau, E.; Mowat, F.; Halpern, M. Projections of primary and revision hip and knee arthroplasty in the United
States from 2005 to 2030. J. Bone Jt. Surg. Ser. A 2007, 89, 780–785. [CrossRef]

2. Kurtz, S.M.; Lau, E.; Watson, H.; Schmier, J.K.; Parvizi, J. Economic burden of periprosthetic joint infection in the United States. J.
Arthroplast. 2012, 27, 61–65. [CrossRef]

3. Beam, E.; Osmon, D. Prosthetic joint infection update. Infect. Dis. Clin. 2018, 32, 843–859. [CrossRef]
4. Tande, A.J.; Patel, R. Prosthetic joint infection. Clin. Microbiol. Rev. 2014, 27, 302–345. [CrossRef]
5. Dunne, M.W.; Puttagunta, S.; Giordano, P.; Krievins, D.; Zelasky, M.; Baldassarre, J. A randomized clinical trial of single-dose

versus weekly dalbavancin for treatment of acute bacterial skin and skin structure infection. Clin. Infect. Dis. 2016, 62, 545–551.
[CrossRef] [PubMed]

6. Jauregui, L.E.; Babazadeh, S.; Seltzer, E.; Goldberg, L.; Krievins, D.; Frederick, M.; Krause, D.; Satilovs, I.; Endzinas, Z.; Breaux, J.;
et al. Randomized, double-blind comparison of once-weekly dalbavancin versus twice-daily linezolid therapy for the treatment
of complicated skin and skin structure infections. Clin. Infect. Dis. 2005, 41, 1407–1415. [CrossRef] [PubMed]

7. Boucher, H.W.; Wilcox, M.; Talbot, G.H.; Puttagunta, S.; Das, A.F.; Dunne, M.W. Once-weekly dalbavancin versus daily conven-
tional therapy for skin infection. N. Engl. J. Med. 2014, 370, 2169–2179. [CrossRef]

8. Leighton, A.; Gottlieb, A.B.; Dorr, M.B.; Jabes, D.; Mosconi, G.; VanSaders, C.; Mroszczak, E.J.; Campbell, K.C.M.; Kelly, E.
Tolerability, pharmacokinetics, and serum bactericidal activity of intravenous dalbavancin in healthy volunteers. Antimicrob.
Agents Chemother. 2004, 48, 1043–1046. [CrossRef] [PubMed]

9. Dunne, M.W.; Puttagunta, S.; Sprenger, C.R.; Rubino, C.; Van Wart, S.; Baldassarre, J. Extended-duration dosing and distribution
of dalbavancin into bone and articular tissue. Antimicrob. Agents Chemother. 2015, 59, 1849–1855. [CrossRef]

10. Hidalgo-Tenorio, C.; Vinuesa, D.; Plata, A.; Dávila, P.M.; Iftimie, S.; Sequera, S.; Loeches, B.; Lopez-Cortés, L.E.; Fariñas, M.C.;
Fernández-Roldan, C.; et al. DALBACEN cohort: Dalbavancin as consolidation therapy in patients with endocarditis and/or
bloodstream infection produced by gram-positive cocci. Ann. Clin. Microbiol. Antimicrob. 2019, 18, 1–10. [CrossRef] [PubMed]

11. Hitzenbichler, F.; Mohr, A.; Camboni, D.; Simon, M.; Salzberger, B.; Hanses, F. Dalbavancin as long-term suppressive therapy
for patients with Gram-positive bacteremia due to an intravascular source—A series of four cases. Infection 2021, 49, 181–186.
[CrossRef]

12. Andes, D.; Craig, W.A. In Vivo Pharmacodynamic activity of the glycopeptide dalbavancin. Antimicrob. Agents Chemother. 2007,
51, 1633–1642. [CrossRef]

13. Monogue, M.; Nicolau, D.P. Kucers the Use of Antibiotics; CRC Press: Boca Raton, FL, USA, 2018; pp. 917–929.
14. Dorr, M.B.; Jabes, D.; Cavaleri, M.; Dowell, J.; Mosconi, G.; Malabarba, A.; White, R.J.; Henkel, T.J. Human pharmacokinetics and

rationale for once-weekly dosing of dalbavacin, a semi-synthetic glycopeptide. J. Antimicrob. Chemother. 2005, 55 (Suppl. S2),
ii25–ii30. [CrossRef]

15. Solon, E.G.; Dowell, J.A.; Lee, J.; King, S.P.; Damle, B.D. Distribution of radioactivity in bone and related structures following
administration of [14C]Dalbavancin to New Zealand white rabbits. Antimicrob. Agents Chemother. 2007, 51, 3008–3010. [CrossRef]
[PubMed]

16. Murillo, O.; Pachón, M.E.; Euba, G.; Verdaguer, R.; Carreras, M.; Cabellos, C.; Cabo, J.; Gudiol, F.; Ariza, J. Intracellular
antimicrobial activity appearing as a relevant factor in antibiotic efficacy against an experimental foreign-body infection caused
by Staphylococcus aureus. J. Antimicrob. Chemother. 2009, 64, 1062–1066. [CrossRef]

17. Cavaleri, M.; Riva, S.; Valagussa, A.; Guanci, M.; Colombo, L.; Dowell, J.; Stogniew, M. Pharmacokinetics and excretion of
dalbavancin in the rat. J. Antimicrob. Chemother. 2005, 55, ii31–ii35. [CrossRef] [PubMed]

18. Marbury, T.; Dowell, J.A.; Seltzer, E.; Buckwalter, M. Pharmacokinetics of dalbavancin in patients with renal or hepatic impairment.
J. Clin. Pharmacol. 2009, 49, 465–476. [CrossRef]

19. Malabarba, A.; Goldstein, B.P. Origin, structure, and activity in vitro and in vivo of dalbavancin. J. Antimicrob. Chemother. 2005,
55, ii15–ii20. [CrossRef]

20. McCurdy, S.P.; Jones, R.N.; Mendes, R.; Puttagunta, S.; Dunne, M.W. In vitro activity of dalbavancin against drug-resistant
Staphylococcus aureus Isolates from a global surveillance program. Antimicrob. Agents Chemother. 2015, 59, 5007–5009. [CrossRef]
[PubMed]

21. Fritsche, T.R.; Rennie, R.P.; Goldstein, B.P.; Jones, R.N. Comparison of dalbavancin MIC values determined by Etest (AB BIODISK)
and reference dilution methods using Gram-positive organisms. J. Clin. Microbiol. 2006, 44, 2988–2990. [CrossRef]

22. Sader, H.S.; Streit, J.M.; Mendes, R.E. Update on the in vitro activity of dalbavancin against indicated species (Staphylococcus
aureus, Enterococcus faecalis, β-hemolytic streptococci, and Streptococcus anginosus group) collected from United States hospitals in
2017–2019. Diagn. Microbiol. Infect. Dis. 2021, 99, 115195. [CrossRef] [PubMed]

23. Cercenado, E. Espectro antimicrobiano de dalbavancina. Mecanismo de acción y actividad in vitro frente a microorganismos
Gram positivos. Enferm. Infecc. Microbiol. Clin. 2017, 35, 9–14. [CrossRef]

24. Biedenbach, D.J.; Bell, J.M.; Sader, H.S.; Turnidge, J.D.; Jones, R.N. Activities of dalbavancin against a worldwide collection of
81,673 Gram-positive bacterial isolates. Antimicrob. Agents Chemother. 2009, 53, 1260–1263. [CrossRef]

72



Antibiotics 2021, 10, 656

25. Jones, R.N.; Flamm, R.K.; Sader, H.S. Surveillance of dalbavancin potency and spectrum in the United States (2012). Diagn.
Microbiol. Infect. Dis. 2013, 76, 122–123. [CrossRef] [PubMed]

26. Bongiorno, D.; Lazzaro, L.M.; Stefani, S.; Campanile, F. In vitro activity of dalbavancin against refractory multidrug-resistant
(MDR) Staphylococcus aureus isolates. Antibiotics 2020, 9, 865. [CrossRef]

27. Sader, H.S.; Mendes, R.; Duncan, L.R.; Pfaller, M.; Flamm, R.K. Antimicrobial activity of dalbavancin against Staphylococcus aureus
with decreased susceptibility to glycopeptides, daptomycin, and/or linezolid from U.S. medical centers. Antimicrob. Agents
Chemother. 2017, 62. [CrossRef]

28. Jones, R.N.; Sader, H.S.; Flamm, R.K. Update of dalbavancin spectrum and potency in the USA: Report from the SENTRY
Antimicrobial Surveillance Program (2011). Diagn. Microbiol. Infect. Dis. 2013, 75, 304–307. [CrossRef]

29. Streit, J.M.; Fritsche, T.R.; Sader, H.S.; Jones, R.N. Worldwide assessment of dalbavancin activity and spectrum against over 6000
clinical isolates. Diagn. Microbiol. Infect. Dis. 2004, 48, 137–143. [CrossRef]

30. Goldstein, E.J.C.; Citron, D.M.; Warren, Y.A.; Tyrrell, K.L.; Merriam, C.V.; Fernandez, H.T. In vitro activities of dalbavancin and 12
other agents against 329 aerobic and anaerobic Gram-positive isolates recovered from diabetic foot infections. Antimicrob. Agents
Chemother. 2006, 50, 2875–2879. [CrossRef]

31. Goldstein, E.J.C.; Citron, D.M.; Merriam, C.V.; Warren, Y.; Tyrrell, K.; Fernandez, H.T. In vitro activities of dalbavancin and nine
comparator agents against anaerobic Gram-positive species and corynebacteria. Antimicrob. Agents Chemother. 2003, 47, 1968–1971.
[CrossRef]

32. Fernández, J.; Greenwood-Quaintance, K.E.; Patel, R. In vitro activity of dalbavancin against biofilms of staphylococci isolated
from prosthetic joint infections. Diagn. Microbiol. Infect. Dis. 2016, 85, 449–451. [CrossRef]

33. Neudorfer, K.; Schmidt-Malan, S.M.; Patel, R. Dalbavancin is active in vitro against biofilms formed by dalbavancin-susceptible
enterococci. Diagn. Microbiol. Infect. Dis. 2018, 90, 58–63. [CrossRef] [PubMed]

34. Schmidt-Malan, S.M.; Quaintance, K.E.G.; Karau, M.J.; Patel, R. In vitro activity of tedizolid against staphylococci isolated from
prosthetic joint infections. Diagn. Microbiol. Infect. Dis. 2016, 85, 77–79. [CrossRef] [PubMed]

35. Di Pilato, V.; Ceccherini, F.; Sennati, S.; D’Agostino, F.; Arena, F.; D’Atanasio, N.; Di Giorgio, F.P.; Tongiani, S.; Pallecchi, L.;
Rossolini, G.M. In vitro time-kill kinetics of dalbavancin against Staphylococcus spp. biofilms over prolonged exposure times.
Diagn. Microbiol. Infect. Dis. 2020, 96, 114901. [CrossRef] [PubMed]

36. Knafl, D.; Tobudic, S.; Cheng, S.C.; Bellamy, D.R.; Thalhammer, F. Dalbavancin reduces biofilms of methicillin-resistant Staphylo-
coccus aureus (MRSA) and methicillin-resistant Staphylococcus epidermidis (MRSE). Eur. J. Clin. Microbiol. Infect. Dis. 2017, 36,
677–680. [CrossRef]
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Abstract: Background: Daptomycin-induced eosinophilic pneumonia (DEP) is a rare but severe
adverse effect and the risk factors are unknown. The aim of this study was to determine risk factors
for DEP. Methods: A retrospective cohort study was performed at the Bone and Joint Infection
Unit of the Hospital Universitari Bellvitge (January 2014–December 2018). To identify risk factors
for DEP, cases were divided into two groups: those who developed DEP and those without DEP.
Results: Among the whole cohort (n = 229) we identified 11 DEP cases (4.8%) and this percentage
almost doubled in the subgroup of patients ≥70 years (8.1%). The risk factors for DEP were age
≥70 years (HR 10.19, 95%CI 1.28–80.93), therapy >14 days (7.71, 1.98–30.09) and total cumulative
dose of daptomycin ≥10 g (5.30, 1.14–24.66). Conclusions: Clinicians should monitor cumulative
daptomycin dosage to minimize DEP risk, and be cautious particularly in older patients when the
total dose of daptomycin exceeds 10 g.

Keywords: daptomycin; eosinophilic pneumonia; risk factors

1. Introduction

Daptomycin is a cyclic lipopeptide antibiotic approved for use against complicated
skin and soft tissue infection, Staphylococcus aureus bacteremia and right-sided infective
endocarditis. However, daptomycin has become widely used also in staphylococcal osteoar-
ticular infections because of its remarkable anti-biofilm activity. Indeed, current guidelines
advise for its use mainly as an initial induction course of intravenous antimicrobial therapy
and often in combination with other antibiotics to avoid the appearance of resistance [1,2].
In this setting, the use of daptomycin for prolonged periods should be balanced between
the potential benefits in the outcome and the risk of adverse events [3–5].

Although daptomycin has proven safety, daptomycin-induced eosinophilic pneumo-
nia (DEP) is a rare but severe adverse effect [6,7]. This toxicity is partially related to the
usual daptomycin uptake by pulmonary surfactant in the alveoli, which may lead to con-
centrations high enough to cause injury but also to impair its efficacy; in fact, daptomycin is
not recommended to treat pulmonary infections. Despite the fact that the pathophysiology
is not totally clear, it seems that DEP is an antigen-mediated process in which alveolar
macrophages and T-cells may be activated, which then release interleukin-5 that causes
eosinophil production and migration to the lungs. Additionally, alveolar macrophages
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can also excrete cytokines that selectively recruits eosinophils, which may promote further
eosinophil accumulation into the lungs [8,9].

Since the introduction of daptomycin, while some cases of DEP have been reported,
these have only described the most common clinical manifestations and outcome [10–13].
To date, therefore, we do not know which factors are associated with DEP and thus, in the
present study we aimed to determine the risk factors for developing DEP.

2. Results

In total, 229 cases received at least one dose of daptomycin and among them, 11 (4.8%)
had DEP; a comparison of both groups in regard with main clinical and analytical character-
istics is presented in Table 1. All DEP cases underwent a chest X-ray while on daptomycin
therapy, which showed peripheral lung infiltrates (alveolar or interstitial), and only one
patient had a CT scan that showed radiological findings of organizing pneumonia. In con-
trast, only 26% cases (57/218) of the remaining cohort underwent a chest X-ray, which
was considered similar to the baseline one. Of interest, the performance of a chest X-ray
significantly increased in accordance with the length of daptomycin therapy, ranging
from 21% in cases treated less than 7 days to 42% in those treated more than 14 days
(p = 0.005). With regard to the age of patients, cases aged ≥70 years underwent a chest
X-ray during daptomycin therapy in greater proportion than younger patients (31% vs.
24%, respectively).

Table 1. Analysis of risk factors for daptomycin-induced eosinophilic pneumonia (DEP).

Cases with DEP
n = 11

Cases without DEP
n = 218

HR (95% CI) p-Value

Age (median, IQR) 77.4 (71.3–85.5) 69.7 (55.6–78.1) 1.06 (1.01–1.12) 0.042
<70 years 1
≥70 years 10 (91) 108 (50) 10.19 (1.28–80.93) 0.028

Female 5 (45) 104 (48) 0.91 (0.27–3.08) 0.884

Comorbidities
Charlson score (median, IQR) 5 (4–7) 4 (2–5) 1.31 (1.03–1.67) 0.031

Chronic heart disease 3 (30) 27 (12) 2.65 (0.66–10.62) 0.168
Chronic pulmonary disease 3 (30) 20 (9) 3.71 (0.91–15.12) 0.067

Chronic kidney disease 2 (20) 56 (26) 0.64 (0.13–3.07) 0.579

Analytical data (baseline)
Creatinine (μmol/L) 62 (49–70) 72 (57–105) 0.98 (0.960–1.005) 0.134

Leucocytes (×109 cells/L) 10.1 (7.3–11) 9.4 (7.2–12.3) 0.965 (0.829–1.122) 0.640
Eosinophils (cells/μL; median, IQR) 130 (30–230) 100 (30–240) 0.99 (0.996–1.003) 0.709

Analytical data (end of treatment)
2Creatine kinase (mkat/L) 0.68 (0.31–0.89) 0.87 (0.54–1.85) 0.81 (0.498–1.316) 0.395
C-reactive protein (mg/L) 223 (120–315) 36 (17–83) 1.01 (1.007–1.018) <0.001
Leucocytes (×109 cells/L) 12.9 (9.5–15.4) 7.8 (6–9.8) 1.14 (1.035–1.258) 0.008

Eosinophils (cells/μL) 650 (520–1410) 220 (100–400) 1.01 (1.002–1.004) <0.001

Daptomycin therapy
Daily dose (mg; median, IQR) 700 (700–700) 700 (600–800) 1 (0.99–1.01) 0.719
Length (days; median, IQR) 19 (12–25) 7 (4–15) 1.08 (1.03–1.14) 0.005

≤14 days 3 (27) 162 (74) 1
>14 days 8 (73) 56 (26) 7.71 (1.98–30.09) 0.003

1TCDD (g; median, IQR) 13.2 (8.4–17.5) 5.1 (2.4–11.2) 1.11 (1.03–1.19) 0.004
<10 g 3 (27) 155 (71) 1

10–15 g 4 (36) 39 (18) 5.30 (1.14–24.66) 0.034
>15 g 4 (36) 24 (11) 8.61 (1.81–40.87) 0.007

Repeated exposure 2 (20) 23 (10) 1.88 (0.38–9.26) 0.435

Analytical data is presented as median, IQR. The remaining data are presented as n (%) unless otherwise noted. 1 TCDD (Total Cumulative
Dose of Daptomycin; daily dose X days of treatment; The result was expressed in grams-g-) 2 Cases without DEP in which creatine kinase
values were analyzed had a median of 12 days (IQR 6–19.5) of daptomycin therapy.
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All DEP cases were treated with daptomycin withdrawal and seven (64%) with
corticosteroid therapy. One patient, who had a delay in diagnosis of DEP and therapy, died
because of respiratory failure.

In the univariate analysis (Table 1), factors associated with DEP were advanced age,
the presence of comorbidities measured by Charlson score, long treatment with daptomycin
and high values of TCDD. Concisely, daptomycin therapy for two weeks or longer was
associated with high risk of DEP (HR 7.71, 95%CI 1.98–30.09), as well as TCDD values
≥10 g (HR 5.30, 95%CI 1.14–24.66). The presence of blood eosinophilia at the end of
daptomycin treatment was significantly higher in DEP cases than in controls (82% and 16%,
respectively; p < 0.001), as well as leucocyte counts and C-reactive protein values were also
higher in DEP cases.

We noted that among older patients aged ≥70 years (n = 123), the percentage with
DEP (8.1%; 10/123) almost doubled the value of the whole cohort. Also, the percentage of
cases with DEP increased significantly among cases aged ≥70 years in comparison with
the whole cohort either in cases treated for >14 days or in those with high values of TCDD
(Figure 1).

  
(a) (b) 

Figure 1. Percentage of Daptomycin-induced eosinophilic pneumonia (DEP) cases in the whole cohort and in those aged
≥70 years by (a) Length of therapy and by (b) The total cumulative dose of daptomycin (TCDD).

Finally, 25 cases had a re-challenge to daptomycin therapy, and two of these presented
promptly with DEP (8%) by 4 and 8 days after the re-challenge (3 and 5 months after the
first exposure, respectively). Both cases presented blood eosinophilia after the first course
of treatment, having received >11 g over >14 days. By contrast, among the remaining
patients re-challenged with daptomycin, the eosinophilia was only observed at the prior
exposure for four patients (17%).

3. Discussion

In the present study we reported the main risk factors for developing DEP in a
population with osteoarticular infections, providing important new information that may
be helpful to clinicians.

Daptomycin has been reported as the leading cause of drug-induced eosinophilic
pneumonia [14], and clinicians should maintain a high index of suspicion for DEP because
of its potential severity. Although most of cases in our series were resolved by daptomycin
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withdrawal and corticosteroid therapy, one patient died, which illustrates the inherent risk
of failing to identify DEP promptly.

Daptomycin use for the treatment of osteoarticular infection is currently recommended
mainly against staphylococcal infections and as initial induction antimicrobial therapy [1,2].
In contrast with the high activity of daptomycin in animal and in vitro studies, its clinical
efficacy reported from non-comparative studies appeared to be quite similar to other
therapies [5,15,16]. However, prolonged therapy at higher doses than usual seems to
be increased in recent years. Our cases were treated with daptomycin for a median of
19 days and resulted in DEP proportions of 4.8% overall and 8.1% among those aged
≥70 years. This data may seem high compared with previous experiences and without
placing it in context. Thus, populations with 102 cases of infective endocarditis and 43 cases
of complex osteoarticular infections that received high doses of daptomycin (median
8.2 mg/kg/d) for long periods (20–80 days), the authors showed 3% and 4.6% developed
DEP, respectively [17,18]. These are consistent with our results given that the populations
in both studies were younger (mean age 61.5 years) than in the present study.

Taking all the previous into account, the prolonged therapy with daptomycin against
osteoarticular infections or the use of higher doses than usual should be considered on
the basis of a list of pros and cons. Probably, the efficacy of daptomycin therapy is related
with its anti-biofilm activity and can be benefited through an initial intensive phase of
treatment (i.e., 7–14 days). Further therapy should be balanced with inconveniences
derived from its use; indeed, monitoring for daptomycin toxicity appears crucial in long
therapies and includes not only the risk for DEP but also other adverse events such as
rhabdomyolysis. In our experience, performance of chest-X ray was useful to identify DEP
and thus, it appears as valid screening to be interpreted together with other clinical signs
and analytical parameters.

To our knowledge, no previous studies had been performed to analyze the risk factors
of developing DEP. We identified advanced age, high values of Charlson comorbidity index,
length of daptomycin therapy and TCDD as the main risk factors for DEP. Of interest, we
show that patients older than 70 years, which commonly have more underlying diseases,
are at higher risk of DEP; however, further research is needed to evaluate the importance
of particular comorbidities in increasing the risk of DEP.

Regarding cumulative dosages of daptomycin and long therapies, our results seem
to be consistent with previous works. Hirai et al. [19] reported 40 cases of DEP, 73% of
them received a daptomycin dosage >6 mg/kg/d for a median of 14.8 days, whereas the
remaining cases were treated with daptomycin at ≤6 mg/kg/d for a median of 23 days. In
a systematic review of DEP cases the mean length of daptomycin therapy was 2.8 weeks
and main indication for treatment was osteoarticular infection [20]. Overall, it seems that
higher risk of DEP is not only dose dependent but also time-dependent. We therefore
recommend monitoring the cumulative dose of daptomycin, which is a product of the
dosage and length of therapy, rather than considering either variable separately. In our
experience, clinicians should be cautious when the TCDD is ≥10 g, and particularly if
it increases to ≥15 g, which can be easily attained after 2 weeks of treatment in patients
receiving high doses.

Cases with DEP at the end of therapy had higher blood eosinophil counts and more
often eosinophilia than controls, a fact that has been mainly reported previously [20,21]. Of
interest, we noted a scenario in which severe DEP occurred shortly after a re-challenge with
daptomycin, indicating that a drug hypersensitivity mechanism may be play. These cases
presented with eosinophilia at the end of their previous course of daptomycin, a finding
that was rarely observed in patients given a rechallenge without developing DEP. This
clinical situation has been poorly reported to date [22], but it seems that eosinophilia during
daptomycin therapy should prompt clinicians to consider avoiding further drug exposure.

The main limitations of the study are those inherent to the retrospective design.
Generalizability is affected because patients were recruited from a single center and because
the cohort mostly comprised elderly people with heterogeneous clinical presentations of
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osteoarticular infections. Also, unfortunately, our sample size of DEP cases was small
to allow subgroup analyses or to design other comparative study. These factors must
be factored when considering other heterogeneous populations. Irrespective of these
shortcomings, however, we believe that our results provide information that can be led to
improved management of daptomycin therapy.

4. Materials and Methods

4.1. Study Design, Setting, and Inclusion/Exclusion Criteria

This retrospective cohort study was performed at the Bone and Joint Infection Unit of
the Hospital Universitari Bellvitge between January 2014 and December 2018. We included
all patients with osteoarticular infection (prosthetic joint infection, septic arthritis and
osteomyelitis), aged ≥18 years, and treated at least with one dose of daptomycin because
of empirical treatment or guided therapy addressed to Gram-positive microorganisms.
Polymicrobial osteoarticular infections treated with daptomycin in combination with other
antibiotics were also included. We excluded cases attended in our Bone and Joint Infection
Unit that received daptomycin due to causes different than osteoarticular infections (i.e.,
catheter-related sepsis).

To identify risk factors for DEP, cases were divided into two groups: Those who
developed DEP and those without DEP.

Written informed consent was considered unnecessary for the study, as it was a
retrospective analysis of our clinical practice. Data of patients were anonymized for the
purposes of this analysis. Confidential information of patients was protected according
National and European normative. This manuscript has been revised for its publication by
Research Ethics Committee of Bellvitge University Hospital (PR097/21).

4.2. Definitions and Clinical Data

All cases fulfilled the main diagnostic criteria for each osteoarticular infection, including
those with prosthetic joint infection or osteoarthritis, with or without an orthopedic device.

The modified diagnostic criteria established by Philips et al. were used to define
DEP [23], which required exposure to daptomycin with the following features: fever,
dyspnea with increased oxygen requirement or requiring mechanical ventilation, new
infiltrates on chest X-ray or computed tomography, and clinical improvement following
daptomycin withdrawal. In accordance with these criteria, we did not require the previous
pre-requisite of a bronchoalveolar lavage with >25% eosinophils.

Demographic, clinical, radiological and analytical data were collected for the included
cases. Chronic heart failure, chronic pulmonary disease and chronic kidney disease were
defined according to accepted criteria. The total cumulative dose of daptomycin (TCDD)
was defined as daily dose of daptomycin × days of treatment; the result was expressed
in grams (g).

4.3. Statistical Analysis

Data were analyzed using Stata software (version 16.0, Stata Corporation, College
Station, TX, USA). Categorical variables are described by counts and percentages, while
medians and interquartile ranges (IQRs) are used to summarize continuous variables.

Univariate analysis was performed to screen the risk factors for DEP, and logistic
regression models were built to estimate unadjusted hazard ratios (HR). In all situations,
p-values of <0.05 were considered to be statistically significant.

5. Conclusions

In conclusion, main factors associated with DEP were advanced age, high values
of Charlson score, longer treatments and high total cumulative doses of daptomycin.
Particularly, clinicians should take care in cases with cumulative doses greater than 10 g,
which can be achieved after 2 weeks of daptomycin therapy. In this high risk population
and after the beginning of treatment, performing a chest-X ray is useful to identify DEP.
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Where eosinophilia has previously occurred with daptomycin exposure, further drug
challenges should be considered with great care to minimize the risk of DEP.
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Abstract: The treatment of prosthetic joint infections (PJIs) is a complex matter in which surgical,
microbiological and pharmacological aspects must be integrated and, above all, placed in the context
of each patient to make the best decision. Sometimes it is not possible to offer curative treatment
of the infection, and in other cases, the probability that the surgery performed will be successful
is considered very low. Therefore, indefinite administration of antibiotics with the intention of
“suppressing” the course of the infection becomes useful. For decades, we had little information
about suppressive antibiotic treatment (SAT). However, due to the longer life expectancy and increase
in orthopaedic surgeries, an increasing number of patients with infected joint prostheses experience
complex situations in which SAT should be considered as an alternative. In the last 5 years, several
studies attempting to answer the many questions that arise on this issue have been published. The
aim of this publication is to review the latest published evidence on SAT.

Keywords: suppressive antibiotic treatment; prosthetic joint infection; prolonged antibiotic

1. Therapeutic Options for Prosthetic Joint Infections

The goal of treating a prosthetic joint infection (PJI) is to eradicate the infection
and to maintain or regain implant function. This often involves the replacement of the
prostheses, although in some cases (acute infections), the original implant can be salvaged
through extensive debridement and prolonged antibiotic therapy, which is referred to as
DAIR (debridement, antibiotics and implant retention) [1]. In the remaining situations,
the cure can be obtained only by removing the implant, followed by the placement of a
new prosthesis, either during the same surgical procedure (one-stage revision) or after a
period with antibiotics (two-stage revision) [2]. However, reimplantation is sometimes
not possible after removal (resection arthroplasty), and in rare situations, amputation may
be necessary. Eventually, due to the patient’s conditions or the anticipated sequelae of
the intervention, a potentially curative surgical intervention is waived. In this scenario,
orthopaedic surgeons turn their gaze to infectious disease (ID) consultants. Can antibiotic
treatment help the patient?

2. Concept and Definition of Suppressive Antibiotic Treatment (SAT)

The term "suppressive antibiotic treatment" (SAT) refers to the administration of
antibiotics in the long term or indefinitely over time. In the area of PJI, SAT is considered a
“noncurative” strategy, in which antimicrobials are administered with the aim of reducing
symptoms and delaying or preventing the progression of PJI that needs a surgical procedure
to be cured that, for some reason, will not be performed (at least for a prolonged period of
time). SAT can also be used in situations in which adequate surgical treatment is performed
and the probability of cure is considered very low.
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3. SAT Indications

SAT appears to be an infrequent therapeutic option in a series (5–14%) that reports the
approach of patients with PJI [3–5]. However, in those patients over 80 years of age, the
percentage treated by SAT can reach 36.5% [6].

SAT is intended to reduce local symptoms (presence of a sinus tract, inflammation,
pain, etc.) and thus delay or elude a surgical intervention that has been rejected or is
intended to be avoided. It is possible that SAT may delay or prevent prosthetic loosening by
reducing the local peri-implant inflammatory process, although no studies have evaluated
this potential effect. Additionally, SAT can be considered a general benefit for the patient’s
health as a result of the reduction in persistent chronic inflammation [7].

In summary, SAT can be considered for patients with acute PJI for whom conservative
treatment (DAIR) has failed, or for patients with chronic-late PJI whose implants are not
going to be removed or replaced due to any of the following circumstances:

• Unacceptable anticipated functional results.
• Surgical sequelae (or risks) disproportionate to the symptoms.
• Presence of another disease or condition that makes it advisable to substantially delay

the intervention.
• Short life expectancy.
• Major surgical contraindication.
• Patient’s refusal of the intervention.

These situations would therefore be considered PJI with “certain” treatment failure.
This would mean that there is evidence of PJI with no curative treatment planned.

There are other situations in which the probability of failure of surgical-medical
treatment can be anticipated to be high, although not certain [8,9]. Here, we would cite the
following scenarios:

• Chronic PJI managed with partial replacement of components.
• Early PJI managed with DAIR and high risk of failure (or potential serious conse-

quences thereof), such as immunosuppressed patients on chemotherapy, patients
managed by arthroscopic debridement and/or without replacement of modular
components, and cases with suboptimal antimicrobial therapy (multidrug-resistant
organisms).

• Multiple previous failures of treatment of PJI

Once the indications are established, certain conditions are required to be able to carry
out SAT:

• Known aetiology (not essential but lack of knowledge clearly hinders decision-making).
• Possibility of monitoring and clinical control of adherence and toxicity.
• Availability of orally active antibiotics against the causal aetiological agent (although,

as we will see later, there may be alternatives).

4. Evidence on SAT Efficacy

4.1. Does SAT Truly Work? What Results Does It Offer?

Evidence of the efficacy of SAT is scarce. A cohort study in which patients with
stable PJI (69% with implants for <90 days) were managed with implant retention and
prolonged antibiotic therapy for more than 1 year showed that the failure rate (recurrence of
infection or need for surgical revision) was four times higher in patients who discontinued
antibiotic treatment [10]. Interestingly, most of the patients with discontinued treatment
did not exhibit treatment failure, suggesting that many were actually cured. However,
the higher rate of treatment failure in patients who stopped taking antibiotics indicates
that, in this series, a proportion of patients not cured by DAIR benefited from continuing
antibiotic treatment, via delayed or avoidance of failure, which occurred mostly in the first
four months. Further arguments in favour of SAT efficacy are provided by the cases that
were “rescued” through SAT after the failure of other strategies [10–12], as well as by the
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observation that some SAT failures were temporarily related to the suspension of antibiotic
treatment [13].

The interpretation of SAT efficacy is very difficult for three reasons: the absence of
controlled studies, the inclusion of patients with acute infections who would be cured by
DAIR, and differences in the criteria for evaluating efficacy in published series (Table 1). For
example, for some authors, the efficacy criterion was to avoid surgery (even if infection was
not controlled) [3], while others required, in addition, control of the symptoms [4,9,11,14].
Success rates varied in the different series from 23% to 84%. However, the series with the
highest success rates included patients with early PJI [4,9,14], many of whom would have
had the same outcome with much shorter treatments.

Table 1. Published Series on SAT in PJI.

Reference
Number

of
Patients

Type of
Infection

Aetiology
(%)

Follow-
Up

(Months)
Criteria for Success

Success
Rate

Toxicity

Goulet,
1988 [3] 19

90%
chronic

10% acute

S. aureus
(21%), CoNS

(21%),
Streptococcus
spp. (32%)

49.2 Retention of the implant 63% No data

Tsukayama,
1991 [15] 13 100%

chronic

S. aureus,
(54%), CoNS

(46%)
37.2 Retention of the implant 23%

38%
antibiotic

needed to be
changed

Segreti,
1998 [4] 18

50%
chronic

50% acute

S. aureus
(44%), CoNS

(44%)
48 Remained asymptomatic and

functional prosthesis 83% 22% CDI

Rao,
2003 [14] 36

53%
chronic

47% acute

S. aureus
(26%), CoNS

(50%)
60 Remained asymptomatic

and functional prosthesis 86% 8% diarrhoea

Marculescu,
2006 [13] 88 No data

S. aureus
(32%), CoNS

(23%)
23.3

Absence of the following:
Relapse, reinfection, presence
of acute inflammation in the

periprosthetic tissue or at any
subsequent surgery on the

joint, development of a sinus
tract, death from

prosthesis-related infection, or
indeterminate clinical failure

57%

3% diarrhoea,
11% hyper-
sensitivity,
one case of

CDI

Byren,
2009 [9] 112

31%
chronic

69% acute

S. aureus
(40%), CoNS

(23%)
27.6

Absence of the following:
Recurrence, wound or sinus

drainage recurring or
persisting for 3 months

beyond the index
debridement procedure or
requirement for revision

surgery (irrespective of the
indication)

82% No data

Prendki,
2014 [6] 38

61%
chronic

39% acute

S. aureus
(39%),

Streptococcus
spp. (18%),

Gram-
negative

bacilli (17%)

24

Absence of the following:
Persisting infection, relapse,

new infection, treatment
discontinuation because of
severe adverse events, or
related or unrelated death

60%
1 case of
recurrent

CDI.
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Table 1. Cont.

Reference
Number

of
Patients

Type of
Infection

Aetiology
(%)

Follow-
Up

(Months)
Criteria for Success

Success
Rate

Toxicity

Siqueira,
2015 [16] 92

61%
chronic

39% acute

S. aureus
(48%), CoNS

(35%)
69.1

Absence of the following:
Subsequent surgical

intervention for infection after
the index procedure,
persistent sinus tract,

drainage, or joint pain at the
last follow-up visit, or death

related to the PJI

69% No data

Prendki,
2017 [10] 136 No data

S. aureus
(62%), CoNS

(21%)
24

Absence of the following:
Local or systemic progression

of the infection, death, or
discontinuation because an

adverse drug reaction

61%

18.4%
discontinued

antibiotics,
but in half of

cases, the
antibiotic
could be

replaced by
another.

Pradier,
2017 [8] 39

61%
delayed or

late
S. aureus

(79%), CoNS
(10%)

24
Absence of the following:

74%
15% (photo-
toxicity and
gastrointesti-

nal
intolerance)

39% acute

Signs of infection assessed
≥24 months after the end of
the curative treatment and
then at the last contact with

the patient, or death related to
the PJI

Wouthuyzen-
Bakker,

2017 [17]
21

62% late or
delayed

38% early

S. aureus
(33%), CoNS

(38%)
21

Absence of the following:
Pain during follow-up,
surgical intervention is
needed to control the

infection, or death related to
PJI

67%

43% reported
side effects
and needed
change or

adjustment of
the dosage.

Pradier,
2018 [18] 78

60%
delayed or

late
40% early

S. aureus
(40%), CoNS

(32%)
34

Absence of the following:
Signs of infection assessed
≥24 months after the end of
the curative treatment and
then at the last contact with

the patient, or death related to
the PJI

72%

18%
phototoxicity
and gastroin-

testinal
disturbance

Escudero-
Sánchez,
2019 [19]

302

73%
chronic

11%
haematoge-

nous
16% early
postopera-

tive

S. aureus
(31%), CoNS

(33%)
36.5

Absence of the following:
Appearance or persistence of

a sinus tract, need for
debridement or replacement

of the prosthesis due to
persistence of the infection, or
the presence of uncontrolled
symptoms, death related to

PJI

59%
17% gastroin-

testinal
5% cutaneous
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Table 1. Cont.

Reference
Number

of
Patients

Type of
Infection

Aetiology
(%)

Follow-
Up

(Months)
Criteria for Success

Success
Rate

Toxicity

Leijtens,
2019 [20] 23

30% early
70% late or

delayed

S. aureus
(2%), CoNS

(61%)
33

Absence of the following:
Reoperation for PJI or death

related to PJI
56.5

24% needed
change or

dosage modi-
fications.

Sandiford,
2019 [5] 24 No data

S. aureus
(25%),

CoNS (21%)
38.4

Absence of the following:
Sepsis arising

from the affected joint, no
progression to further surgery,

or death related to PJI.

83

4.2% rash
4.2%

rifampicin
interaction

CDI: Clostridioides difficile infection; CoNS: coagulase-negative staphylococci.

We found only one controlled study where patients with PJI at high risk of failure
after surgery (DAIR or replacement) managed with SAT were compared with patients in
the same conditions who were not managed with SAT. The cases were "matched" using a
propensity score. Patients who received SAT had a better outcome at 5 years (68.5% free of
infection) than those who did not receive SAT (41.1%) [16]. In a recent multicentre cohort
that represents the largest series published to date, we estimated that SAT was effective
(control of symptoms and no reintervention) in approximately 75% of the patients after
two years and in 50% of patients at 5 years of follow-up [19]. Only patients with persistent
infection from whom the implant was not removed were included in this cohort.

4.2. What Factors Are Associated with SAT Failure?

Few studies have analysed the factors associated with SAT failure. The failure rate
seems higher among patients with a sinus tract and in those with infections caused by S.
aureus [13,20–22].

In the multicentre study mentioned above, we investigated predictors of failure
(defined as the persistence of uncontrolled symptoms of PJI, including sinus tract, or the
need for further surgery for debridement or removal of the prosthesis due to infection) [19].
A multivariate analysis showed that the factors associated with failure were the following:

• Aetiology of infection other than Gram-positive cocci (essentially Gram-negative rods,
fungi, or negative cultures). This could be explained because, in general, we have
fewer orally active antimicrobials for Gram-negative bacilli.

• Location of the prosthesis in the upper limbs. It is difficult to explain this finding. In
any case, the number of PJIs in the upper limbs was very low.

• Age less than 70 years. It seems paradoxical, but perhaps younger patients managed
by SAT could be more often immunosuppressed or have “tumoural” prostheses, which
has been associated with the worst prognosis [17].

In our opinion, at this moment, there are no firm or clear predictors of failure, which
means that SAT should not be excluded if the patient meets the conditions mentioned above.

4.3. Why Could SAT Stop Working? Is the Development of Resistance Frequent?

In our previously cited cohort study, the coinvestigators were unable to attribute
the failure to any specific cause in 52% of the cases. Among the known or attributable
causes, the most frequent was the abandonment of treatment or poor adherence (24% of
all failures). The development of resistance was not a common cause, as it could only be
invoked as a cause of failure in 12% of the cases. This observation has also been made
by other authors [18]. In another 11% of patients, the cause of failure was the existence
of a previously unsuspected pathogen in cultures that was not covered by the prescribed
SAT [19].
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5. Practical Aspects of SAT

5.1. Is a Debridement Mandatory before Starting SAT?

It seems reasonable to think that the reduction in the inoculum and the debridement
of infected tissues favours the success of SAT. In most of the series, patients undergo
debridement surgery before starting SAT [21]. The difficulty arises in stable patients who
present few symptoms, especially if the surgical risks are high. Thus, in the series of SAT in
elderly patients, only 24% were operated on [10].

In our analysis, the failure of the SAT was not associated with the absence of a previous
debridement [19]. However, surgical debridement makes it possible to obtain valuable
samples for microbiological culture, which is a relevant advantage since culture from sinus
tracts is not usually representative of the actual aetiology [23].

5.2. What Are the Most Suitable Antibiotics for SAT? Is a Combination of Antibiotics Necessary?

From the analysis of the data available in the literature, it is not possible to infer
recommendations. The most widely used antibiotic regimens in published series have
been the combination of tetracyclines and rifampicin (the last cannot be used alone be-
cause of development of resistance) or monotherapy with a beta-lactam or tetracycline
antibiotic [3,4,10,14]. In a recent survey of orthopaedists and ID consultants who prescribed
SAT, 74% stated that they did not use rifampicin [24].

Since SAT is intended to reduce symptoms and local inflammation, which can be
achieved by reducing the bacterial load, antibiotics with activity against stationary growing
bacteria are probably not indispensable. In fact, monotherapy with beta-lactams was
associated with better outcomes in a large series [10]. It seems reasonable to prioritize
tolerability and therapeutic compliance, and for this, it is easier to use monotherapy.
In the vast majority of cases, SAT is carried out with orally administered antibiotics.
However, there are some recent experiences with intravenous dalbavancin, which have
taken advantage of the fact that this drug can be administered once per week or even
every two weeks [25], and with the use of beta-lactams such as ceftriaxone or ertapenem
subcutaneously [26].

There are no studies on the optimal dosage of antibiotics in SAT. In general, low
doses should not be used initially, at least until a reduction in inoculum has been achieved.
However, the risks of each antibiotic–bacteria pair must be taken into account. For example,
a low dosage of quinolones poses a risk of resistance selection in both staphylococci and
Gram-negative bacilli; however, beta-lactam susceptible staphylococci should not develop
resistance to a low dose of oral cephalosporins.

5.3. Is Intravenous Treatment Necessary at the Beginning of SAT?

Similarly, published studies do not provide an answer to this question. In almost all
published series, patients receive several weeks of initial intravenous treatment, but in
the aforementioned survey, most of the respondents stated that they do so only occasion-
ally [24].

5.4. Can There Be Periods Without Treatment?

The series in the literature reviewed do not include antibiotic treatment-free periods in
their protocols. In fact, in some series, failures are reported coinciding with the interruption
of treatment, which, in general, appears in the first 4 months after suspension [9].

6. Safety of SAT

Information on the safety of prolonged antibiotic treatments can be obtained, not only
from studies on SAT in PJI or other osteoarticular infections but also from other areas, such
as antibiotic prophylaxis in immunosuppressed patients, the management of specific infec-
tions that require very long treatments (multidrug-resistant tuberculosis, actinomycosis,
mycobacteriosis, Coxiella endocarditis, etc.) or entities in which infection and bacterial
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colonization play a relevant role in the natural history of the disease (cystic fibrosis, acne,
suppurative hidradenitis, etc.), for which long-term treatments have been tried.

In SAT series, adverse effects are not uncommon, but they rarely require discontinu-
ation of treatment [19,21,22]. In addition, in many cases, poorly tolerated antibiotics can
be substituted for another [10,17]. Data collection on adverse effects has not been system-
atized in any of the published studies and it was always retrospective. Gastrointestinal
disturbances and skin reactions appear to be the most common reported adverse events.
It should be borne in mind that in most series, ID consultants with extensive experience
in the management of antimicrobials are those who prescribe and monitor treatments.
Surprisingly, C. difficile infection is an infrequent event despite very long treatments that
last many years [19,21].

In a preliminary study including several patients on SAT, colonization by multidrug-
resistant bacteria was not common. However, the patients who developed infections did
so due to bacterial resistance to the antibiotic that they received for SAT [27].

7. Reflections and Conclusions

The information on SAT is fragmentary, heterogeneous and of low evidence. Despite
this, the analysis of the available series suggests that SAT may represent an option with
acceptable efficacy for selected cases in which potentially curative surgery cannot be
performed or where the probabilities of success of the treatment are low. It is possible to
administer antibiotics safely in the long term, provided that the clinician has the appropriate
knowledge and experience. More studies are needed to answer the many questions that
remain unanswered. To form useful conclusions in future investigations, it would be
desirable to establish pragmatic criteria for efficacy, as well as to separate the cases in which
SAT is indicated as an alternative to surgical treatment from those where it is indicated due
to a high risk of failure of the surgical treatment used.
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Abstract: Objectives: To compare the characteristics and outcomes of cases with acute prosthetic joint
infection (PJI; early post-surgical or hematogenous) by Staphylococcus aureus managed with implant
removal (IRm) or debridement and retention (DAIR). To analyze the outcomes of all cases managed
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with IRm (initially or after DAIR failure). Methods: Retrospective, multicenter, cohort study of PJI by
S. aureus (2003–2010). Overall failure included mortality within 60 days since surgery and local failure
due to staphylococcal persistence/relapse. Results: 499 cases, 338 initially managed with DAIR, 161
with IRm. Mortality was higher in acute PJI managed initially with IRm compared to DAIR, but
not associated with the surgical procedure, after propensity score matching. Underlying conditions,
hemiarthroplasty, and methicillin-resistant S. aureus were risk factors for mortality. Finally, 249 cases
underwent IRm (88 after DAIR failure); overall failure was 15.6%. Local failure (9.3%) was slightly
higher in cases with several comorbidities, but independent of previous DAIR, type of IRm, and
rifampin treatment. Conclusions: In a large multicenter study of S. aureus PJI managed with IRm,
failure was low, but mortality significant, especially in cases with acute PJI and underlying conditions,
but not associated with the IRm itself. Rifampin efficacy was limited in this setting.

Keywords: Staphylococcus aureus; prosthetic joint infection; implant removal; outcome; rifampin

1. Introduction

Prosthetic joint infection (PJI) is a serious complication after joint replacement [1].
Staphylococcus aureus represents almost a third of all episodes [2], mostly associated with
acute PJI (early post-surgical and hematogenous infections) [3], but also with chronic
post-surgical infections.

Surgery is central for the optimal management of PJI by S. aureus, with two main
strategies: debridement, antibiotics, and implant retention (DAIR), or implant removal
(IRm) [3,4]. Observational studies have analyzed the outcome of DAIR [5–9], but the
prognosis of IRm, generally performed in chronic PJI or after DAIR failure, has not been
extensively evaluated [10,11]. Some authors have suggested that IRm as salvage therapy
may lead to poorer outcomes compared with an initial management with IRm [12,13]. The
role of rifampin is not formally established, contrasting with its benefits in DAIR [8,14].

Previously, the prognosis of the largest case-series of staphylococcal PJI managed with
DAIR was analyzed [8]. However, the characteristics and outcome of cases treated with
IRm were not reported in that analysis.

Therefore, our aim was to revise this large multicenter study with the objectives
of (i) analyzing the subcohort of cases with acute PJI to compare the characteristics and
outcomes of those initially managed with IRm or DAIR; and (ii) evaluating the outcomes
of the subgroup of all cases managed with IRm, initially or as salvage therapy after DAIR
failure including the role of rifampin.

2. Results

During the study period, 561 cases were initially identified to have PJI by S. aureus,
but 62 cases had exclusion criteria. Thus, 499 cases were finally included: 325 (65.1%) with
early post-surgical (EA) PJI, 75 (15.0%) with hematogenous PJI, and 99 (19.8%) with chronic
post-surgical PJI.

Follow-up data (median 781 days, interquartile range [IQR] 355-1375) and/or known
outcomes were available for 478 cases. Figure 1 shows the percentage of cases with overall
failure (local failure plus mortality), local failure, and mortality in all cases and according
to the type of PJI.

92



Antibiotics 2021, 10, 118

Figure 1. Outcomes of cases with prosthetic joint infection (PJI) by Staphylococcus aureus according to the type of infection.
* p value < 0.01 in overall and local failure between hematogenous, early post-surgical, and chronic post-surgical PJI;
** p value = 0.201 in mortality between hematogenous, early post-surgical, and chronic post-surgical PJI.

2.1. Implant Removal as the Initial Surgical Strategy in the Cohort of Acute Prosthetic Joint
Infection (PJI)

Similar differences in characteristics between cases managed with IRm and DAIR
were found in EA and hematogenous PJI, which were therefore analyzed together as
acute PJI (n = 400, Table 1). Cases with acute PJI managed with IRm were more likely to
have a hemiarthroplasty or hematogenous PJI, but also other factors such as abnormal
radiography, symptoms duration >21 days, poor condition of soft tissues, or infection by
MRSA.

Table 1. Characteristics, adjusted odds ratios of implant removal and outcome of 400 cases of acute prosthetic joint infection
(early post-surgical and hematogenous) by Staphylococcus aureus, according to their initial surgical management.

Characteristic
Acute PJI Managed

with DAIR
(n = 311)

Acute PJI Managed
with Implant Removal

(n = 89)
p Value

Adjusted OR of
Implant Removal

(95% CI) *
p Value

PATIENT
CHARACTERISTICS

Female sex 184 (59.2) 59 (66.3) 0.225
Age (years) 1 72 (64–78) 74 (68–78) 0.168 1.01 (0.99–1.04) 0.294
Two or more

comorbidities 2 60 (19.3) 17 (19.1) 0.968

Chronic kidney disease 16 (5.1) 8 (9.0) 0.178

PROSTHESIS
CHARACTERISTICS
Total hip arthroplasty 109 (35.1) 27 (30.3) 0.408

Total knee arthroplasty 174 (56.0) 45 (50.6) 0.368
Hemiarthroplasty 24 (7.7) 14 (15.7) 0.023 3.73 (1.60–8.68) 0.003

Revision prosthesis 53 (17.0) 14 (15.7) 0.770
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Table 1. Cont.

Characteristic
Acute PJI Managed

with DAIR
(n = 311)

Acute PJI Managed
with Implant Removal

(n = 89)
p Value

Adjusted OR of
Implant Removal

(95% CI) *
p Value

CLINICAL AND
ANALYTICAL DATA

Hematogenous PJI 49 (15.8) 26 (29.2) 0.004 3.34 (1.72–6.46) <0.001
Leukocytosis 3 157 (50.5) 52 (58.4) 0.186
CRP (mg/L) 109 (28–120) 100 (30–107) 0.415

Abnormal radiography 4 27 (8.7) 26 (29.2) <0.001 3.70 (1.85–7.43) <0.001
Duration of symptoms

>21 days 33 (10.6) 37 (41.6) <0.001 7.69 (4.03–14.68) <0.001

Poor condition of soft
tissues 37 (11.9) 19 (21.4) 0.023 1.50 (0.72–3.12) 0.282

Infection by MRSA 75 (24.1) 34 (38.2) 0.008 1.42 (0.95–3.19) 0.074
Bacteremia 57 (18.3) 17 (19.1) 0.868

Polymicrobial infection 58 (18.7) 19 (21.4) 0.569

OUTCOME 5

Overall failure 107 (35.7) 20 (23.3) 0.031
Local failure 94 (31.3) 9 (10.5) <0.001

Mortality <60 days 13 (4.3) 11 (12.8) 0.004

Categorical variables expressed in absolute number and (percentage); continuous variables expressed in median and (interquartile range).
PJI: Prosthetic joint infection. DAIR: Debridement, antibiotics and implant retention. OR: Odds ratio. 95%CI: 95% Confidence Interval. IQR:
Interquartile range. MRSA: Methicillin-resistant S. aureus. * Refers to a multivariate analysis of factors associated with implant removal
in patients with acute PJI (n = 400). 1 Odds ratio expressed as per year. 2 These include severe comorbidities (diabetes, liver cirrhosis,
chronic kidney disease, immunosuppressive treatment, rheumatoid arthritis, malignancy, chronic lung, and heart diseases) present in
the McPherson Staging System [15]. 3 Leukocytosis is defined as baseline leukocyte count above 10 × 109/L. 4 Abnormal radiography
is defined according to radiologic signs of infection (loosening, periprosthetic osteolysis, migration, subperiostic reaction). 5 Calculated
among 300 patients with acute PJI managed with DAIR and 86 patients with acute PJI managed with implant removal.

Mortality was greater in acute PJI managed initially with IRm compared to DAIR.
However, after performing propensity score matching including several pre-surgical vari-
ables (age, number of comorbidities, hemiarthroplasty, hematogenous PJI, abnormal radio-
graphy, symptoms duration, condition of soft tissues, infection by MRSA and hospital),
mortality was not associated with the IRm procedure itself (OR 1.55; 95%CI 0.47–4.56;
p = 0.387) (Figure S1A).

Among cases with acute PJI initially managed with IRm (Figure 2), mortality was
greater if they had two or more comorbidities (7/16 [43.8%] vs. 4/70 [5.7%]; p < 0.001),
especially rheumatoid arthritis (3/7 [42.9%] vs. 8/79 [10.1%]; p = 0.042) and immunosup-
pressive treatment (4/7 [57.1%] vs. 7/79 [8.9%]; p = 0.004). Mortality was also higher if they
had a hemiarthroplasty (5/14 [35.7%] vs. 6/72 [8.3%]; p = 0.015), bacteremia (5/9 [55.6%]
vs 6/77 [7.8%]; p = 0.001), and infection by MRSA (8/32 [25.0%] vs. 3/54 [5.6%]; p = 0.016).

2.2. Cohort of All Cases Managed with Implant Removal (Initially or Salvage Therapy)

Together with 161 cases managed initially with IRm (63, 26, and 72 with EA, hematoge-
nous and chronic post-surgical PJI, respectively), there were 88 cases (78 with acute and
10 with chronic post-surgical PJI) who finally underwent IRm as salvage therapy. Thus,
this procedure was performed in 249 cases (Table 2): two-stage exchange (188, 75.5%),
hip resection arthroplasty (44, 17.7%), and one-stage exchange (17, 6.8%). No significant
differences were found in surgical strategies between clinical groups (p = 0.440). There
were 52 cases (27.7%) under the two-stage scheme without a second stage performed;
thus, 96 cases (38.6%) finally had resection arthroplasty, who more often had two or more
comorbidities (26.0% vs. 16.3%; p = 0.063).
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Figure 2. Kaplan–Meier curves of mortality of cases with acute prosthetic joint infection by Staphylococcus aureus managed
initially with implant removal. (A) Patients with and without two or more comorbidities. (B) Patients with and without
hemiarthroplasty. (C) Patients with infection by methicillin-resistant (MRSA) or methicillin-susceptible S. aureus (MSSA).
(D) Patients with and without bacteremia.

Table 2. Characteristics and outcome of the subcohort of cases of prosthetic joint infection by Staphylococcus aureus managed
with implant removal (n = 249), according to their type of infection.

Acute PJI (Early Post-Surgical
and Hematogenous)

Chronic Post-Surgical PJI

Characteristic
IRm as Initial

Strategy
(n = 89)

IRm as Salvage
Therapy
(n = 78)

p Value *
IRm as Initial

Strategy
(n = 72)

IRm as Salvage
Therapy
(n = 10)

p Value **

Female sex 59 (66.3) 52 (66.7) 0.959 46 (63.9) 7 (70.0) 0.705
Age (years) 74 (68–78) 72 (60–79) 0.470 74 (64–79) 68 (57–76) 0.082

Two or more
comorbidities 1 17 (19.1) 16 (20.5) 0.819 13 (18.1) 4 (40.0) 0.109

Chronic kidney disease 8 (9.0) 6 (7.7) 0.763 8 (11.1) 0 0.267
Hemiarthroplasty 14 (15.7) 3 (3.9) 0.011 3 (4.2) 0 0.511

Revision prosthesis 14 (15.7) 18 (23.1) 0.229 15 (20.8) 5 (50.0) 0.044
Infection by MRSA 34 (38.2) 16 (20.5) 0.013 12 (16.7) 3 (30.0) 0.307

Bacteremia 9 (10.1) 4 (5.1) 0.230 1 (1.4) 0 0.708
Polymicrobial infection 19 (21.4) 20 (25.6) 0.513 20 (27.8) 2 (20.0) 0.603
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Table 2. Cont.

Acute PJI (Early Post-Surgical
and Hematogenous)

Chronic Post-Surgical PJI

Characteristic
IRm as Initial

Strategy
(n = 89)

IRm as Salvage
Therapy
(n = 78)

p Value *
IRm as Initial

Strategy
(n = 72)

IRm as Salvage
Therapy
(n = 10)

p Value **

OUTCOME 2

Overall failure 20 (23.3) 9 (12.0) 0.064 6 (9.0) 2 (22.2) 0.223
Local failure 9 (10.5) 7 (9.3) 0.811 4 (6.0) 2 (22.2) 0.090

Mortality < 60 days 11 (12.8) 2 (2.7) 0.019 2 (3.0) 0 0.599

Categorical variables expressed in absolute number and (percentage); continuous variables expressed in median and (interquartile range).
IRm as salvage therapy refer to cases who failed after an initial management with DAIR (Debridement, antibiotics, and implant retention).
PJI: Prosthetic joint infection. IRm: Implant removal. MRSA: Methicillin-resistant S. aureus. * Comparison between acute PJI. ** Comparison
between chronic PJI. 1 These include severe comorbidities (diabetes, liver cirrhosis, chronic kidney disease, immunosuppressive treatment,
rheumatoid arthritis, malignancy, chronic lung and heart diseases) present in the McPherson Staging System [15]. 2 Calculated among
86 patients with acute PJI initially managed with implant removal, 75 patients with acute PJI initially managed with DAIR, 67 patients with
chronic PJI initially managed with implant removal, and nine patients with chronic PJI initially managed with DAIR.

The median length of antimicrobial therapy was 59 days (IQR 43–92). There were
119 cases (55.4%) who received rifampin in combination during ≥21 days in the first 42 days
after IRm. Other antibiotics commonly given, either alone or in combination with rifampin,
were quinolones (43.3%), beta-lactams (28.8%), cotrimoxazole (16.3%), and glycopeptides
(11.6%).

Overall, 237 cases had outcome data, of whom 37 (15.6%; 95%CI 11.2–20.9) presented
overall failure, 22 (9.3%; 95%CI 5.9–13.7) local failure, and 15 patients died (6.3%; 95%CI
3.6–10.2). Mortality occurred to 11 patients (12.8%) with acute PJI initially managed with
IRm, two (2.7%) with acute PJI requiring IRm as salvage therapy and two (3.0%) with
chronic post-surgical PJI initially managed with IRm.

Local failure was similar in all IRm strategies, but slightly higher (22.2%) in those with
chronic PJI initially managed with DAIR (Table 2). In an analysis of predictive factors of
local failure (Table 3), having two or more comorbidities showed a trend toward greater
local failure, whereas cases requiring IRm as salvage therapy after DAIR failure did not
present worse outcomes. Cases receiving rifampin for 21 days or longer within the first
42 days did not present lower rates of local failure (10.1% vs. 7.3%; p = 0.473). Similar results
(HR 0.82; 95%CI 0.39–1.70; p = 0.590) were found when estimating the effect of rifampin
≥ 21 days after propensity score matching (including age, number of comorbidities, liver
cirrhosis, type of infection, infection by MRSA, previous DAIR, type of IRm, and hospital;
Figure S1B).

Table 3. Predictive factors of local failure among 237 cases of prosthetic joint infection by Staphylococcus aureus managed
with implant removal (22 cases failed).

Characteristic Failed/Total (%)
Crude HR
(95%CI)

p Value
Adjusted HR

(95% CI)
p Value

Age <75 years 15/127 (11.8) 1 1
≥75 years 7/110 (6.4) 0.59 (0.24–1.44) 0.234 0.59 (0.24–1.44) 0.231

Sex Male 9/80 (11.3) 1
Female 13/157 (8.3) 0.67 (0.29–1.57) 0.364

Two or more comorbidities 1 No 15/192 (7.8) 1 1
Yes 7/45 (15.6) 2.44 (0.99–5.99) 0.051 2.46 (1.00–6.09) 0.051

Hemiarthroplasty No 21/218 (9.6) 1
Yes 1/19 (5.3) 0.87 (0.12–6.50) 0.891

Revision prosthesis No 15/185 (8.1) 1
Yes 7/52 (13.5) 1.77 (0.72–4.37) 0.232
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Table 3. Cont.

Characteristic Failed/Total (%)
Crude HR
(95%CI)

p Value
Adjusted HR

(95% CI)
p Value

Hematogenous PJI No 18/193 (9.3) 1
Yes 4/44 (9.1) 0.93 (0.31–2.75) 0.891

Infection by MRSA No 18/179 (10.1) 1
Yes 4/58 (6.9) 0.87 (0.29–2.57) 0.798

Bacteremia No 21/223 (9.4) 1

Yes 1/14 (7.1) 1.76
(0.23–13.32) 0.613

Polymicrobial infection No 19/178 (10.7) 1
Yes 3/59 (5.1) 0.51 (0.15–1.71) 0.236

Initially managed with DAIR No 13/153 (8.5) 1 1
Yes 9/84 (10.7) 1.06 (0.45–2.49) 0.886 0.94 (0.40–2.23) 0.897

Surgical management One-stage
exchange 2/16 (12.5) 1

Two-stage
exchange 16/182 (8.8) 0.60 (0.14–2.62)

Hip resection
arthroplasty 4/39 (10.3) 0.84 (0.15–4.61) 0.720

Rifampin 2 No 7/96 (7.3) 1
Yes 12/119 (10.1) 1.01 (0.37–2.73) 0.989

HR: Hazard ratio. 95% CI: 95% Confidence interval. PJI: Prosthetic joint infection. MRSA: Methicillin-resistant S. aureus. DAIR:
Debridement, antibiotics, and implant retention. 1 These include severe comorbidities (diabetes, liver cirrhosis, chronic kidney disease,
immunosuppressive treatment, rheumatoid arthritis, malignancy, chronic lung and heart diseases) present in the McPherson Staging
System [15]. 2 Among those treated with rifampin for 21 days or longer in the initial 42 days since implant removal.

Among the cases with local failure, nine presented symptomatic persistence of infec-
tion, eight relapsed, and five presented positive cultures in a second-stage exchange. There
were 16 cases with positive staphylococcal cultures upon failure, but none were rifampin-
resistant. Long-term follow-up was available in 19/22 cases; four needed long-term SAT,
while the rest eventually were considered cured after further treatment.

3. Discussion

PJI by S. aureus represents a therapeutic challenge for physicians. While most of the
knowledge on its outcome involves patients managed with DAIR [5–9], IRm has received
scarce attention in the literature [10,11]. To the best of our knowledge, the present study
includes the largest series of cases with S. aureus PJI managed with IRm.

The selection of patients with acute PJI (early post-surgical or hematogenous PJI) to
be managed either with DAIR or IRm usually follows well-known algorithms such as
the standardized Zimmerli criteria [3], which do not include host conditions but factors
related to symptom duration, the condition of the implant and soft tissues, and anti-biofilm
antimicrobial susceptibility. Additionally, there is still controversy whether DAIR should
be performed in infections within 30–90 days since arthroplasty. In this study, among cases
with acute PJI, those with hemiarthroplasty, hematogenous PJI, and/or infection by MRSA
were more likely to be managed with IRm.

In this line, previous studies found higher failure rates in patients managed with DAIR
who presented these characteristics [8,16] as well as those with particular comorbidities,
suggesting that Zimmerli criteria may be revisited. Some authors have attempted to
build scores such as the KLIC score [16,17], which may provide guidance in selecting the
optimal surgical management for patients with acute PJI. Similarly, the McPherson staging
system [15], which includes host factors, has been correlated with the outcome of acute
and chronic PJI [18,19] and may define the optimal surgical strategy for each patient [20].
However, these scores were built from studies that include heterogeneous patients with
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diverse causative microorganisms and have shown poor prediction in staphylococcal PJI.
Overall, it seems plausible that future research should address the development of specific
scores for S. aureus PJI. Additionally, the surgeon’s and/or patient’s preferences should
also be considered.

Mortality was higher in patients with acute PJI managed with IRm compared to those
undergoing DAIR. Importantly, the surgical procedure was not associated with the higher
mortality observed after propensity score matching. Interestingly, the same characteristics
(hemiarthroplasty, MRSA) that were driving IRm in acute PJI were also associated with
a greater probability of mortality. While some characteristics such as hemiarthroplasty
and/or MRSA have been previously recognized as risk factors for mortality [21,22], the
results suggest that patients with several underlying conditions also have greater likeli-
hood of mortality, especially if bacteremic [23]. Importantly, these factors may present
together [22] and, therefore, physicians should rapidly identify and provide accurate care
of older patients, with hemiarthroplasties and/or infections by MRSA when managing
acute staphylococcal PJI.

IRm was associated with low local failure. Obviously, the physical removal of biofilm
facilitates the activity of antimicrobials, resulting in a greater chance of cure, compared
to DAIR [24,25]. However, even in this favorable situation, some patients failed. Salvage
therapy eventually cured most patients, suggesting a good overall prognosis when a first
procedure is unsuccessful.

Most factors associated with mortality did not influence the likelihood of local failure,
but cases with several comorbidities had slightly higher local failure [15]. Interestingly,
the outcome was not worse in patients who needed IRm as salvage therapy, suggesting
that DAIR can be attempted without affecting the prospects for a future removal surgery, if
needed. This study, though, could not evaluate whether an initial DAIR might affect the
functional outcome of patients needing IRm, which has aroused some controversy in the
literature [12]. Failure rates were similar according to IRm strategies including one-stage
exchange, as reported also by Senneville et al. [11]. However, since the vast majority of our
patients were managed with two-stage exchange, more data are needed to evaluate the
outcome of other strategies with larger sample sizes.

The role of rifampin following IRm is not well established, in contrast with staphy-
lococcal PJI managed with DAIR. In a short series evaluating cases managed with DAIR
or IRm [11], Senneville et al. reported better results in patients receiving rifampin, but
unfortunately, the authors did not provide a thorough analysis of cases managed with
IRm. In this study, a better outcome in patients treated with rifampin during more than
21 days could not be proven. The design of this study did not allow us to draw definitive
conclusions on the benefits of rifampin in this setting and further research should address
this clinical question.

Several limitations are inherent to the observational retrospective study design, de-
spite being multicentric and its large sample size. Patients included were potentially
heterogeneous in their characteristics, presentations, and management, which may have
underpowered some analyses. Matching and multivariate analyses have been performed to
adjust for this variability, but possible biases and imbalances may still have occurred. Local
failure was evaluated based solely on persistence/relapse of S. aureus; thus, higher failure
rates may have been found if other criteria such as superinfections or orthopedic problems
had been included. Finally, not only monomicrobial PJIs by S. aureus were included, but
also polymicrobial infections. However, we believe that the present data offer an overall
perspective of the prognosis of PJI by S. aureus.

4. Materials and Methods

4.1. Design, Setting, and Patients

This was a retrospective, multicenter cohort study performed in 17 hospitals in Spain,
in the framework of the Spanish Network for Research in Infectious Diseases (REIPI) during
2003–2010, which included all consecutive cases of PJI caused by S. aureus identified from
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previously registered databases or from the general archives in each hospital. Two cohorts
were analyzed: (i) the subcohort of acute PJI was used to compare the characteristics and
outcomes of cases managed initially with IRm or DAIR; and (ii) the subcohort of all cases
managed with IRm, either initially or as salvage therapy after DAIR failure, was used to
investigate their outcome (mortality and factors predicting failure).

Cases of PJI caused by S. aureus, monomicrobial or polymicrobial, managed with
DAIR or IRm were included. Cases where S. aureus did not cause the original PJI, but
participated later as a superinfecting microorganism, those requiring amputation as the
initial surgical procedure for IRm, and those catalogued as positive intraoperative cultures
according to Tsukayama’s criteria [26] were excluded. Patient consent was not required,
given the retrospective design; data were anonymized, without sensitive information that
may enable the participant’s identification.

4.2. Definitions

PJI was defined according to Infectious Diseases Society of America guidelines and
microorganisms were identified according to standard criteria [3,4,8,27]. In accordance with
the most commonly used classifications of types of PJI, these were categorized into early
post-surgical (EA), chronic post-surgical, and acute hematogenous. The latter included
cases with ≤3 weeks of symptoms duration appearing three months after surgery in the
setting of microbiologically confirmed or clinically suspected staphylococcal bacteremia.
Regarding EA and chronic post-surgical PJI, there is still controversy on definitions based
on time from arthroplasty and accordingly, EA-PJI may include cases that present within
one month or three months [3,4,26,28,29], and these time cut-offs are usually employed
in selecting patients to be managed successfully with DAIR. Thus, for the purpose of this
study, PJI occurring within three months after prosthesis placement were classified as EA,
whereas defined as chronic post-surgical, if these started thereafter [3,4]. When analyzing
the subcohort of acute PJI, EA and acute hematogenous PJI were included.

Baseline characteristics were recorded and included severe comorbidities (diabetes,
liver cirrhosis, chronic kidney disease (CKD), immunosuppressive treatment, rheumatoid
arthritis, malignancy, chronic lung, and heart diseases) present in the McPherson Staging
System [15].

4.3. Clinical and Surgical Management

The decision to manage patients with DAIR or IRm was taken by the attending medical
team, commonly following Zimmerli’s criteria [3]; patients with duration of symptoms
≤21 days, a stable implant, and appropriate soft tissues condition usually qualify for DAIR.
Regarding the controversies in definitions of EA PJI above-mentioned, infections occurring
within 30–90 days since prosthesis placement were usually considered for IRm, but might
have also been managed with DAIR.

DAIR management, which was performed only as an initial strategy, has been de-
scribed elsewhere [7,8]. IRm was performed as an initial strategy or after DAIR in patients
who failed. IRm was classified into three surgical approaches [30]: (a) two-stage exchange;
(b) one-stage exchange; and (c) hip resection arthroplasty. Cases were considered under the
two-stage exchange scheme if the intention was to implant a new prosthesis or arthrodesis,
irrespective of whether this second stage was finally performed.

In most hospitals, the usual perioperative antimicrobial prophylaxis for arthroplasties
consists of intravenous cefazolin 2 g. After the surgical procedure for PJI, intravenous
antibiotics of wide antimicrobial-spectrum are administered. Once the antimicrobial sus-
ceptibility is available, antibiotics are adjusted according to current guidelines. However,
the ultimate choice of the antimicrobial treatment is at the discretion of the medical team.
The intravenous route is maintained for a variable period depending on each hospital
protocol, usually followed by oral antibiotics, also for a variable time.
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4.4. Outcomes and Follow-Up

Patients were followed until death, failure, or loss to follow-up. Overall failure was
defined as a composite endpoint consisting of local failure and/or mortality due to any
cause occurring within 60 days since surgery (cut-off selected to reflect mortality potentially
linked to the PJI process).

In cases managed with DAIR, local failure has been defined elsewhere [8], but only
considered if related to staphylococcal persistence/relapse. In cases managed with IRm, it
was defined also only if staphylococcal persistence/relapse as: (a) symptom persistence
beginning within 30 days after IRm, leading to long-term suppressive antimicrobial therapy
(SAT) and/or new surgeries, irrespective of when these were performed; (b) relapsing
symptoms in asymptomatic patients initially considered cured after IRm; and (c) positive
S. aureus cultures in asymptomatic patients undergoing a second-stage surgery.

4.5. Statistical Analysis

Data were analyzed with Stata 13.1 (Stata Corporation, USA). Categorical and contin-
uous variables were described by counts and percentages, and median and interquartile
range (IQR), respectively. Comparisons between groups were performed with the chi-
square test or Fisher exact test for categorical variables and the t-test or Mann–Whitney
test for continuous variables.

Multivariate logistic regression was used to analyze factors associated with initial
management with IRm in acute PJI including the commonly used Zimmerli’s criteria [3].
Kaplan–Meier survival curves were used to evaluate the probability of success during
follow-up and the log-rank test analyzed differences between groups, censoring cases lost
to follow-up. Multivariate Cox regression was performed to estimate factors associated
with local failure, censoring death as a competing event.

To evaluate the impact of interventions (surgical procedure [DAIR vs. IRm] and
rifampin) on mortality and local failure, respectively, propensity score matching analyses
were performed. Clinically relevant variables were introduced in the propensity model,
together with baseline characteristics found to have a univariate association with the
intervention (p < 0.1). The adequacy of the models was assessed with calibration plots and
the Hosmer–Lemeshow test. Nearest neighbor matching with replacement was performed
with 0.1 calipers. Mean standardized differences for covariates between matched groups
were checked prior to treatment effects estimation.

The length of antibiotic therapy could be shortened in cases failing prematurely and
would not actually be the cause of failure but its consequence. Thus, in order to avoid
survivor’s bias, the influence of rifampin on local failure was only analyzed in cases treated
for ≥21 days and not requiring salvage surgeries within the first 42 days after IRm.

5. Conclusions

In conclusion, while mortality was significant in acute PJI by S. aureus managed with
IRm, there was no evident association with the surgical approach itself. Additionally, we
identified factors related to the patient’s condition that were associated with a greater
probability of death among these cases. Local failure was low, but a previous DAIR strategy
did not worsen the outcome of cases. Despite the limited efficacy found in this study,
further research should confirm whether rifampin may still offer a potential benefit in the
treatment of patients with staphylococcal PJI managed with IRm.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-6
382/10/2/118/s1, Figure S1: Standardized bias for covariates before and after propensity score
matching for the evaluation of implant removal on mortality in cases with acute prosthetic joint
infection by Staphylococcus aureus (A) and the role of rifampin on local failure in all cases managed
with implant removal (B).
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Abstract: Gram-negative bacteria (GNB), including multidrug-resistant (MDR) pathogens, are gain-
ing importance in the aetiology of prosthetic joint infection (PJI). This retrospective observational
study identified independent risk factors (RFs) associated with MDR-GNB PJI and their influence on
treatment outcomes. We assessed MDR bacteria causing hip and knee PJIs diagnosed at a Brazilian
tertiary hospital from January 2014 to July 2018. RFs associated with MDR-GNB PJI were estimated
by bivariate and multivariate analyses using prevalence ratios (PRs) with significance at p < 0.05.
Kaplan–Meier analysis was performed to evaluate treatment outcomes. Overall, 98 PJI patients were
analysed, including 56 with MDR-GNB and 42 with other bacteria. Independent RFs associated
with MDR-GNB PJI were revision arthroplasty (p = 0.002), postoperative hematoma (p < 0.001),
previous orthopaedic infection (p = 0.002) and early infection (p = 0.001). Extensively drug-resistant
GNB (p = 0.044) and comorbidities (p = 0.044) were independently associated with MDR-GNB PJI
treatment failure. In sum, MDR-GNB PJI was independently associated with previous orthopaedic
surgery, postoperative local complications and pre-existing infections and was possibly related to
selective pressure on bacterial skin colonisation by antibiotics prescribed for early PJI. Infections due
to MDR-GNB and comorbidities were associated with higher treatment failure rates.

Keywords: surgical site infection; prosthetic joint infection; epidemiology; risk factors; multidrug-
resistant Gram-negative bacteria; extensively drug-resistant; hematoma

1. Introduction

Joint replacement or arthroplasty aims to improve the mobility and quality of life of
patients who experience painful symptoms or functional disability. However, prosthetic
joint infection (PJI) is among the most feared complications that may result from such pro-
cedures, with an incidence of 1% to 2% among primary [1,2] and up to 4% among revision
arthroplasties [3,4], respectively. Older patient age, revision arthroplasty, diabetes mellitus,
rheumatoid arthritis, smoking, obesity and a high American Society of Anaesthesiologists
(ASA) score are viewed as independent risk factors (RFs) for PJI [5–9].

Gram-positive cocci (GPC), such as Staphylococcus aureus and coagulase-negative
staphylococci remain the primary etiological agents of PJI, with Gram-negative bacteria
(GNB) identified less frequently [10]. Although few multicentre studies have described
the microbiological epidemiology of PJI, the role played by GNB appears to be increasing.
Rates of infections involving these organisms have ranged from 5% to 23% in previous
investigations [4,7,10] but rates of greater than 40% have been reported for GNB-associated
PJI in total knee arthroplasty (TKA) [11] and shoulder arthroplasty [6].
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Due to the current scarcity of antibiotics able to control bone and biofilm infections,
the emergence of MDR-GNB PJIs has become a growing concern in countries reporting
high prevalence rates of MDR-GNB nosocomial infections, including postoperative in-
fections [12,13]. Benito et al. [12] identified an increase in the prevalence of MDR-GNB
arthroplasty infections from 5.3% between 2003 and 2004 to 8.1% between 2011 and 2012,
with a corresponding increase in identified MDR-GNB strains, such as Escherichia coli,
Klebsiella pneumoniae, Pseudomonas aeruginosa and Morganella morgannii. In the same study,
a worrying increase in the rates of quinolone-resistant MDR-GNB strains was identified;
quinolones represent an important and effective class of antibiotics often used to treat PJIs.
Fantoni et al. [13], in a multicentre study of GNB-associated PJI, identified higher rates of
MDR strains (53.7%), including 13.5% that expressed resistance to carbapenems, which are
considered the last-line antibiotics for GNB infections.

Although PJIs caused by GNB appear to be increasing in frequency, current literature
describing the epidemiology of PJI caused by MDR-GNB remains scarce, and few studies
to date have attempted to investigate the outcomes and RFs associated with MDR-GNB
PJI. Herein we describe a cohort of patients presenting with MDR-GNB PJIs and identify
the predisposing independent factors associated with PJI caused by MDR-GNB and their
influence on treatment outcomes.

2. Materials and Methods

2.1. Study Design

This was a retrospective, single-centre cohort study involving the identification and
analysis of information from patient records describing hip and knee PJIs caused by MDR-
GNB between January 2014 and July 2018 at an orthopaedic referral hospital centre.

The primary study endpoint was the identification of independent predisposing
factors associated with PJI caused by MDR-GNB. The secondary endpoint was the iden-
tification of independent variables influencing the treatment outcome of patients with
MDR-GNB PJI. The study included individuals aged at least 18 years old who (a) met
the criteria for arthroplasty infection as defined by the Musculoskeletal Infection Society
(MSIS) [14] (Appendix A); (b) had at least one phenotypically indistinguishable aetiological
agent that was identified in two or more samples of representative biological specimens;
and (c) had at least one year of prospective follow-up data. Patients who underwent arthro-
plasty at an institution other than ours, had a follow-up period shorter than 12 months,
did not meet the criteria for PJI as defined by the MSIS or had culture-negative results
were excluded. Patients were selected from the infection database of the hospital infection
control (IC) unit using surgical-site infection (SSI) notifications. Based on SSI notifications,
patients’ medical records and results of microbiological cultures were located in specific
databases to determine whether each patient fulfilled the inclusion criteria. The study
was reviewed and approved by the local ethics committee (approval no. 2,610,914) on
20 April 2018.

2.2. Definitions

The PJI onset date was defined according to the date of the first observation of typical
infectious signs and symptoms. For the purposes of this study’s analysis, only aetiological
agents identified during the first debridement surgery were considered in cases subjected
to multiple debridements. MDR-GNB was defined as the nonsusceptibility of the identified
pathogen to at least one antimicrobial agent from three or more different antimicrobial
classes (e.g., aminoglycosides, cephalosporins with an anti-Pseudomonas effect, carbapen-
ems, fluoroquinolones, penicillin + β-lactamase inhibitors, monobactams and polymyxin).
GNB that were extensively drug-resistant (XDR) to multiple antibiotics were defined as
those lacking susceptibility to at least one antimicrobial agent from all but two classes of
antimicrobials [15]. Early infections were defined as those with onset occurring less than
three months after prosthesis placement. Long-term remission of PJI following treatment
was defined as the absence of clinical, laboratory and radiological symptoms of infection
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at the last medical follow-up (with a minimum follow-up point of one year). Therapeutic
failure was defined as infection recurrence at a previously controlled site; requirement
for new surgery, a second course of antimicrobial therapy, chronic antibiotic suppression,
excision arthroplasty or limb amputation, or death within the follow-up period [16,17].

2.3. Investigated Variables

To identify potential RFs associated with PJI caused by MDR-GNB as well as treatment
outcomes for such infections, variables were obtained from patients’ medical records and
surgical description sheets were reviewed. The potential variables reviewed for association
with MDR-GNB PJI were categorised into three distinct groups as follows: (a) variables
related to the patient, (b) variables related to the surgical procedure and (c) variables related
to the postoperative period. The patient-related variables included demographics, comor-
bidities, alcoholism, smoking habits, ASA Physical Status Classification score, previous use
of antimicrobials in the last three months and previous orthopaedic infection. The variables
related to the surgical procedure were arthroplasty joint location, total or partial arthro-
plasty, revision surgery and post-trauma or elective arthroplasty. The variables related to
the postoperative period were a concomitant infection during the same hospitalisation,
the presence of postoperative hematoma, the presence of sepsis at the time of infection
diagnosis and early or late infection. Operative variables such as debridement and implant
retention (DAIR) or any prosthesis exchange used for the treatment of PJI were assessed
when RFs for MDR-GNB PJI were considered in the outcomes analysis.

2.4. Microbiological Analysis

The institutional microbiological protocol consisted of synovial fluid (aseptically
inoculated into standard aerobic blood culture bottles) and tissue sample analyses. Tissues
obtained from the surgical procedure were homogenised in 3 mL of brain–heart infusion
broth for one minute and inoculated onto aerobic sheep blood agar, chocolate agar and
anaerobic blood agar and into thioglycolate broth (BD Diagnostic Systems, Hunt Valley, MD,
USA). The time limit for processing samples was six hours. Aerobic plates were incubated
aerobically at 35 ◦C to 37 ◦C in 5% to 7% CO2 for seven days, and anaerobic plates were
anaerobically cultured at 37 ◦C for 14 days. Additionally, 0.5 mL of tissue homogenate
was inoculated in thioglycolate broth for 14 days, and the turbid thioglycolate broth was
subcultured on blood agar plates when cloudy. Colonies of microorganisms observed to be
growing on the plates were identified, and their susceptibility to different antibiotics was
tested according to standard microbiologic techniques [18]. The bacteria were identified
by conventional biochemical and metabolic tests according to international standards
and the definitions of the European Committee on Antimicrobial Susceptibility Testing
(EUCAST) [18]. Sensitivity tests were performed using the disk-diffusion technique. If a
minimum inhibitory concentration determination was necessary, automated or electronic
test methods were used; the results are presented according to the EUCAST criteria that
were valid at the time of testing [18].

2.5. Statistical Analysis

Qualitative variables for the overall study sample and the groups designated as
infected by MDR-GNB and other bacteria, respectively, are described using mean and
percentage values. Quantitative variables are described as using mean and standard
deviation (SD), or median and interquartile range according to their observed distribution.
Associations between qualitative variables were determined using the chi-squared test
and Fisher’s exact test, and comparisons of means between groups using interval-type
variables were performed using the Student’s t-test. Poisson regression was used to
calculate prevalence ratios (PRs), using independent variables with significance levels
below 25% (p < 0.25). Only those variables with a significance level below 5% (p < 0.05)
were retained in the final model. To identify the variables related to treatment failure,
Kaplan–Meier curves were constructed for each factor, and the log-rank test was used to
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compare the curves. Cox regression was used to identify predictor variables that influenced
patient outcomes. All results were considered significant at a significance probability below
5% (p < 0.05). All data were analysed using the Statistical Package for the Social Sciences,
version 23 (IBM Corporation, Armonk, NY, USA).

3. Results

3.1. Study Population

Overall, a total of 2672 arthroplasties were performed during the study period and
a total of 115 PJI cases were assessed for inclusion in the study. Of these, 14 PJI cases
that did not meet the MSIS criteria for infection and three PJI cases with negative cultures
were excluded. Therefore, 98 PJI cases were analysed, including 56 (57.1%) and 42 (42.9%)
caused by MDR-GNB and other microorganisms, respectively.

The demographic, clinical features, comorbidities, surgical procedures and postop-
erative characteristics of the study population are summarised in Table 1. The mean age
in the study population was 67 years (SD: ± 13.2 years), and 58.2% of the patients were
female. Perioperative risk assessment varied, with 21.4% of cases classified as ASA 1, 48%
as ASA 2 and 30.6% as ASA 3 or 4, respectively. More than 70% of the patients had at least
one comorbidity. Hip arthroplasty was the most frequent procedure (83.7%), while 39.8%
of the patients underwent arthroplasty due to trauma.

Table 1. Demographics and clinical characteristics of the study population.

Characteristics
Number of Patients
No. (%) Total = 98

Age (years) (mean ± S.D.) 67.3 ± 13.2
P50 (P25–P75) 69.5 (58.7–77)

Age group
up to 50 10 (1.2)

51–60 23 (23.5)
61–70 20 (20.4)
71–80 31 (31.6)

over 80 14 (14.3)
Time between prosthesis and diagnosis (days)

P50 (P25–P 75) 32 (20–242)

Variables related to the patient

Comorbidities (yes) 71 (72.4)
SAH a 60 (61.2)
DM b 20 (20.4)

Malnutrition 8 (8.2)
Anemia 2 (2.0)

Neoplasm 1 (1.0)
Lung disease 5 (5.1)

Metabolic syndrome 18 (18.4)
Cardiovascular disease 5 (5.1)
Other comorbidities c 11 (11.3)

Previous use of an antimicrobial 37 (37.8)

Variables related to the surgical procedure

Arthroplasty
Total 75 (76.5)

Primary 56 (57.2)
Elective 59 (60.2)

Hip 82 (83.7)
DAIR d 69 (70.4)

Procedure duration greater than 2.5 h 5 (5.1)
Blood transfusion 16 (16.3)
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Table 1. Cont.

Characteristics
Number of Patients
No. (%) Total = 98

Variables related to the postoperative period

Concomitant non-orthopedic infection 11 (11.2)
Previous ortopedic infection 19 (19.4)

Early infection 68 (69.4)
Sepsis 2 (2.0)

SAH a: Systemic arterial hypertension; DM b: Diabetes Mellitus; Other comorbidities c: rheumatoid arthritis,
hypothyroidism, hyperthyroidism, depression. DAIR d: debridement and implant retention.

3.2. Microbial Identification

Overall, microbiological analysis yielded 104 microorganisms from 98 PJI patients.
MDR-GNB was isolated from 30 patients (30.6%) and XDR-GNB from 26 (26.5%). The most
prevalent pathogen was Acinetobacter baumannii (31.6%), followed by S. aureus among which
15.4% (16/104) were sensitive to methicillin (MSSA), and 4.8% (5/104) were methicillin-
resistant (MRSA). Among patients with PJI caused by MDR or XDR-GNB, A. baumannii
followed by Enterobacter aerogenes, K. pneumoniae and E. coli were the most commonly
identified etiological agents. Microorganisms isolated from bone and soft tissue cultures of
the 98 PJI patients included in this study are summarised in Table 2.

Table 2. Description of 104 microorganisms isolated from bone and soft tissue cultures of patients
with PJI described in the study.

Microbial isolates in 56 episodes of
MDR/XDR GNB a PJI b 60 (100)

Acinetobacter baumannii 31 (51.7)
Enterobacter aerogenes 8 (13.3)
Klebsiella pneumoniae 6 (10.0)

Escherichia coli 5 (8.3)
Proteus mirabilis 4 (6.7)

Pseudomonas aeruginosa 3 (5.0)
Others GNB-MDR 3 (5.0)

Microbial isolates in 42 episodes of others
bacterias PJI b 44 (100)

MSSA c 16 (36.4)
Pseudomonas aeruginosa 6 (13.6)

MRSA d 5 (11.4)
Enterobacter aerogenes 4 (9.1)

Proteus mirabilis 3 (6.8)
Proteus vulgaris 2 (4.5)

Acinetobacter baumannii 2 (4.5)
Klebsiella pneumoniae 2 (4.5)
Morganella morganii 1 (2.3)
Enterobacter sakazakii 1 (2.3)
Enterobacter cloacae 1 (2.3)

Escherichia coli 1 (2.3)

MDR/XDR GNB a: Multidrug resistant/extensively drug-resistant, gram-negative bacteria; PJI b; prosthetic joint
infection; MSSA c; Methicillin-sensitive Staphylococcus aureus, MRSA d; Methicillin-resistant Staphylococcus aureus.

3.3. Potential Predisposing Factors for PJI Caused by MDR-GNB and Clinical Outcomes

As compared with PJIs caused by other microorganisms, infections due to MDR- and
XDR-GNB in the univariate analyses were significantly associated with male sex (70.7% vs.
29.3%; p = 0.021), revision arthroplasty (66.1% vs. 11.9%; p = 0.000), metabolic syndrome
(10.7% vs. 28.6%; p = 0.024), alcoholism (21.4% vs. 4.8%; p = 0.020), nonelective arthroplasty
(55.4% vs. 19.0%; p = 0.000), previous use of antibiotics in the last three months (55.4%
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vs. 14.3%; p = 0.000), concomitant non-orthopaedic infection (19.6% vs. 4.8%; p = 0.000),
previous orthopaedic infection (35.7% vs. 0%; p = 0.000), postoperative hematoma (51.8%
vs. 2.4%; p = 0.000) and early infection (57.1% vs. 88.1%; p = 0.001). Age, ASA score,
smoking and the surgical procedure lasting longer than 2.5 hours did not increase the
risk for PJI caused by MDR- and XDR-GNB relative to the risk of PJI caused by other
microorganisms (Table A1).

Variables identified as significant and clinically relevant in the univariate analysis
were added to the multivariate model. In the multivariate model, the predisposing fac-
tors independently associated with PJI caused by MDR- and XDR-GNB were revision
arthroplasty [PR: 1.7; 95% confidence interval (CI): 1.2–2.4; p = 0.002], previous orthopaedic
infection (PR: 1.5; 95% CI: 1.1–2.1; p = 0.002), postoperative hematoma (PR: 2.6; 95% CI:
1.7–4.0; p < 0.001) and early infection (PR: 2.2; 95% CI: 1.4–3.5; p = 0.001) (Table 3).

Table 3. Predisposing factors independently associated with MDR-GNB a PJI b in the multivari-
ate analysis.

Variables Prevalence Ratio 95% CI p-Value c

Revision arthroplasty 1.7 (1.2; 2.4) 0.002
Previous orthopedic infection 1.5 (1.1; 2.1) 0.020

Postoperative hematoma 2.6 (1.7; 4.0) <0.001
Early infection 2.2 (1.4; 3.5) 0.001

MDR-GNB a: Multidrug resistant gram-negative bacteria; PJI b; prosthetic joint infection; p-values c < 0.05 were
considered statistically significant.

No significant differences between groups were observed for the time between pros-
thesis placement and PJI diagnosis (p = 0.066) or the time between PJI diagnosis and
treatment failure (p = 0.063) (Table A2). It is worth pointing out that the rate of PJI re-
currence after treatment was lower among patients infected by MDR-/XDR-GNB than
among those infected by other bacteria (4.1% and 6.1%, respectively). On the other hand,
higher rates of death were observed in the MDR/XDR-GNB PJI group than in the ‘other
bacteria’ PJI group (17.3% vs 5.1%; p = 0.038). Even though a comparison of the rate
of treatment failure (recurrence/death) between groups (MDR- and XDR-GNB vs other
microorganisms) showed no statistically significant difference (p = 0.264), a patient with
PJI caused by XDR-GNB was 4.6 times more likely to progress to death than a patient with
a PJI caused by other pathogens (odds ratio: 4.6; 95% CI: 1.4–15.7; p = 0.010). In contrast,
progression to death was not more likely among patients with MDR-GNB PJIs than among
those with PJIs caused by other microorganisms (odds ratio: 2.3; 95% IC: 0.6–7.9; p = 0.200).
The risk of treatment failure was not significantly different between all GNB PJI cases and
all GPC PJI cases (p = 0.516). Moreover, no significant differences in the outcome were
observed when DAIR was performed versus the use of non-DAIR options (i.e., one-stage
and two-stage exchange arthroplasty) (p = 0.842).

However, according to the multivariate model, infections caused by XDR-GNB (PR:
2.3; 95% CI: 1.0–5.2; p = 0.044) and the presence of comorbidities (PR: 2.9; 95% CI: 1.0–8.4;
p = 0.044) were strong predictive RFs independently associated with therapeutic failure
(Table A3). The higher rates of treatment failure associated with XDR-GNB PJI and patients
with comorbidities is best illustrated in Figures 1 and 2.
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Figure 1. Kaplan–Meier survival curve for treatment failure (death/recurrence) considering PJIs
caused by XDR-GNB and other bacteria.

Figure 2. Kaplan–Meier survival curve for treatment failure (death/recurrence) among PJI patients
with and without comorbidities.

4. Discussion

In this study, revision arthroplasty, previous orthopaedic infection and postopera-
tive hematoma were independently associated with the risk of developing MDR-GNB
PJI. These RFs are well-known to be associated with any deep periprosthetic infection;
however, the relevance of any infection-associated findings may vary depending upon
the epidemiological context of an orthopaedic referral centre. At our centre, located in a
large city in a developing country, the likelihood of nosocomial SSI caused by MDR-GNB is
high. Early PJI was an additional RF identified for MDR-GNB PJI. We argue that the high
selective pressure imposed by empirical and broad-spectrum antibiotic therapy, which is
often prescribed for early PJI, may have had a major role not only in the higher prevalence
of GNB-PJI, but also impacting on the lower rates GPC infections (20.2%), including the
lack of CNS that was not identified in this study cohort.

MDR-GNB were identified in more than half of the bacterial populations isolated in
this cohort study. Many other authors have reported that the likelihood of GNB as the
etiological agent of SSI is greater in Latin America than in more developed regions [19,20].
In a Latin American surveillance study that included several medical centres, 12,811
bacterial species were isolated from several types of nosocomial infections, including SSIs;
44.5% of cases were identified as GNB infections with high rates of MDR [20].

Importantly, A. baumannii accounted for 33.7% of all GNB isolated in our study. Despite
the implementation of many IC measures at our institution, the IC team has been unable
to eradicate A. baumannii from the hospital environment. It is likely that this species has
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become an endemic pathogen responsible for nosocomial infections, including SSIs. A high
prevalence of A. baumannii has been reported in other Latin American countries as well [21].
Some authors have suggested that the tropical climates and higher temperatures in Latin
America may result in increased numbers of Acinetobacter spp. colonising the human
skin, increasing the risk of nosocomial infections [22,23]. Typically, patients who undergo
arthroplasty receive immediate postoperative care in the intensive care unit, which has
been characterised as an institutional environment associated with an overwhelmingly
high rate of A. baumannii colonisation relative to in other hospital units. This factor may
increase the risk of A. baumannii–associated PJI.

Although previous authors have reported an increased risk for PJI with revision
surgery [24–26], an association between revision surgery and GNB-MDR PJI has not
been reported before now. In our study, a preceding PJI episode was associated with
a 1.5-fold increase in the chance that the new PJI would be caused by MDR-GNB. This
represents new and important epidemiological information. The occurrence of a previous
PJI implies the prolonged use of combined and broad-spectrum antibiotics, and a direct
association between prolonged antibiotic use and greater rates of MDR-GNB infections has
been reported previously [27,28]. In a study by Benito et al. [29] of 2524 episodes of PJI,
negative-coagulase staphylococci was identified as the most commonly identified causative
pathogen, but GNB were more frequently identified in cases of early infection. Additionally,
MDR-GNB accounted for nearly one-quarter of early PJIs and were identified three times
more frequently in early infections than in late infections. The study by Benito et al. [29],
conducted in Spain, was the first cohort study to identify the role played by MDR-GNB in
early PJI episodes. Our data corroborate the association.

The formation of hematoma or postoperative drainage for more than 2.5 days fol-
lowing arthroplasty has been identified previously as a predictor of wound infection
for patients receiving hip and knee joint replacements [30]. In shoulder arthroplasty, an
association between postoperative hematoma and subsequent PJI was documented by
Cheung et al. [31] and Nagaya et al. [6]. Cheung et al. [31] identified various species of
skin-associated microbiota in hematoma cultures, including Cutibacterium acnes, Staphylo-
coccus epidermidis and other Streptococcus spp. The presence of postoperative hematoma in
patients previously colonised with MDR-GNB may contribute to postarthroplasty infec-
tions, helping to explain our finding of postoperative hematoma as an independent risk
factor for developing MDR-GNB PJI.

No significant differences in outcomes were observed when comparing infections
caused by GNB and those caused by GPC. Uçkay and Bernard [32] reported similar success
rates when treating PJIs caused by GPC or GNB. In contrast, several studies have linked
GNB-associated PJI with high failure rates [16]. In our study, surgical options using DAIR
had no impact on treatment outcomes, but XDR-PJI was independently associated with
poor outcomes. In the study by Papadopoulos et al. [33], MDR- and XDR-GNB infections
were associated with higher rates of therapeutic failure when DAIR was performed (52.2%)
than when non-DAIR options were applied. Hiesh et al. [7] also reported worse outcomes
when DAIR was the operative choice over non-DAIR options for GNB-associated PJI.
Shohat et al. [17] reported higher failure rates for DAIR when treating PJIs caused by any
MDR pathogens. However, in a study by Cobo et al. [34], the success rate of DAIR for
early PJI was similar for GPC and GNB infections, with lower success rates reported for
MRSA-affiliated PJI.

The impact of XDR-GNB on poor outcomes may be associated with the general lack
of antibiotic options for eradicating these bacteria, especially biofilm-acting quinolones.
In our study, all XDR samples were quinolone resistant. Additionally, comorbidities had
an independent negative effect on outcomes, increasing the likelihood of poor outcomes
2.9-fold. Multiple comorbidities may impact PJI outcomes in several ways, such as an
increased likelihood of adverse events associated with prolonged and combined antibiotic
therapy. Chronic comorbidities, such as kidney and liver failure, have also been associated
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with reduced immune responses against bacteria, allowing for the development of bone
and biofilm infections.

The present study had several limitations. This study was performed as an observa-
tional, retrospective study conducted at a single centre offering special orthopaedic care
to a regional population located in a major city in a developing country. Consequently,
the results may not apply to other hospitals. Furthermore, the patients enrolled in the
cohort were heterogeneous. Matching MDR-GNB with other bacteria may have biased
our analysis, although multivariate analyses were performed to adjust for this variability.
Also, bacterial identification and susceptibility tests were performed using nonautomated
methods, and no molecular and genotypic analyses were performed to identify clonal
variants or similar patterns of resistance mechanisms. Besides, all potential SCN growing
in a single tissue sample culture were considered contaminants and were excluded from
the analysis, which may have biased our results. In addition, the type of surgical approach
for hip arthroplasty was not assessed. However, this study identified a large number of
MDR-GNB infections, with a high frequency of XDR strains.

5. Conclusions

We found that revision arthroplasty, previous orthopaedic infection, postoperative
hematoma and early PJI were predisposing RFs for MDR-GNB PJI. Infections caused
by XDR-GNB and comorbidities were both associated with poor outcomes. Despite the
limitations of our cohort study, these results may reflect the epidemiology of certain
developing regions with weak antibiotic stewardship programs. The increasing prevalence
of antimicrobial resistance among PJIs poses a challenge for practitioners.
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Appendix A

Presence of a major criteria

1. Sinus tract with evidence of communication of the joint or visualization of the prosthesis
or

2. Identification of the same phenotypically similar pathogen in two or more different
periprosthetic tissue samples or in joint fluid
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Presence of four or more minor criteria

1. Presence of purulent periprosthetic secretion
2. Identification of acute inflammatory reaction in histopathologic tests of periprosthetic tissue

3. A single culture with the identification of a microorganism
4. High leukocyte cellularity in the synovial fluid

5. High percentage of neutrophils in the synovial fluid
6. Increased serum levels of C-reactive protein (CRP) or erythrocyte sedimentation rate (ESR)

Appendix B

Table A1. Evaluation the influence of variables of interest on the outcome of PJI caused by MDR- GNB compared to other
bacteria–univariate analysis.

Variables

PJI a

MDR/XDR GNB b Other Bacteria p-Value c

No. (%) No. (%)
N = 56 N = 42

Demographic data
Males 29 (70.7) 12 (29.3)

0.021 *Females 27 (47.4) 30 (52.6)
Age (years) F

Mean ± Standard deviation 68.2 ± 13.8 66.0 ± 1.4 0.415 ***
Age group

up to 50 7 (70.0) 3 (30.0)

0.126 **
51–60 years 13 (56.5) 10 (43.5)
61–70 years 7 (35.0) 13 (65.0)
71–80 years 18 (58.1) 13 (41.9)

above 80 years 11 (78.6) 3 (21.4)

Variables related to the patient

Presence of comorbidities 41 (73.2) 30 (71.4) 0.845 *
SAH d 33 (58.9) 27 (64.3) 0.590 *
DM e 12 (21.4) 8 (19.0) 0.772 *

Malnutrition 7 (12.5) 1 (2.4) 0.133 **
Anemia 2 (3.6) 0 (0) 0.505 **

Neoplasm 0 (0) 1 (2.4) 0.429 **
Lung disease 0 (0) 5 (9) 0.013 **

Metabolic syndrome 6 (10.7) 12 (28.6) 0.024 *
Cardiovascular disease 4 (7.1) 1 (2.4) 0.388 **
Other comorbidities f 4 (7.1) 7 (16.7) 0.197 **

Alcoholism 12 (21.4) 2 (4.8) 0.020 *
Smoking 9 (16.1) 4 (9.5) 0.344 *

ASA classification g

1 8 (14.3) 13 (31.0)
0.114 *2 28 (50.0) 19 (45.2)

3 or 4 20 (35.7) 10 (23.8)
Previous orthopedic infection 20 (35.7) 0 (0) 0.000 *

Previous use of antimicrobials (last three months)

Yes 31 (55.4) 6 (14.3) 0.000 *
Quinolones 12 (21.4) 3 (7.1) 0.052 *

β-Lactam Antibiotics 20 (35.7) 4 (9.5) 0.003 *
Antimicrobial combination 10 (17.9) 1 (2.4) 0.000 **

Variables related to the surgical procedure

Arthroplasty
Total 41 (73.2) 34 (81.0) 0.371 *

Revision 66.1 (37) 11.9 (5) 0.000 *
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Table A1. Cont.

Variables

PJI a

MDR/XDR GNB b Other Bacteria p-Value c

No. (%) No. (%)
N = 56 N = 42

Non-elective 31 (55.4) 8 (19.0) 0.000 *
Hip 56 (100) 26 (61.9) 0.000 *

Duration of the procedure > 2.5 h 8 (14.3) 7 (16.7) 0.746 *
Blood transfusion 16 (28.6) 3 (7.1) 0.008 *

Variables related to the postoperative period

Concomitant non-orthopedic infection 11 (19.6) 2 (4.8) 0.032 *
Previous orthopedic infection 20 (35.7) 0 (0) 0.000 *

Polymicrobial infection 4 (7.1) 4 (9.5) 0.721 **
Early infection 32 (57.1) 37 (88.1) 0.001 *

Postoperative hematoma 29 (51.8) 1 (2.4) 0.000 *
Sepsis associated with infection 2 (3.6) 0 (0) 0.505 **

PJI a: Prosthetic Joints Infections; MDR/XDR GNB b: Multidrug resistant/extensively drug-resistant, gram-negative bacteria; c p-values
: <0.05 were considered statistically significant; SAH d: Systemic arterial hypertension; DM e: diabetes Mellitus; Other comorbidities
f: rheumatoid arthritis, hypothyroidism, hyperthyroidism, depression; ASA g: American Anesthesiology Association. Significance
probabilities refer to the Chi-squared test (*), Fisher’s exact test (**), and Student’s t-test (***).

Table A2. Comparative analysis between the two study groups regarding the time elapsed between prosthesis and diagnosis
and time to therapeutic failure.

Variable PJI by MDR-GNB

Descriptive Measures

p *
Min-Max

Median
(P25–P75)

Mean ± SD

Time elapsed between prosthesis
and diagnosis (days)

Yes 7.0–5.040.0 37.0 (20.3–472.5) 453.1 ± 934.7
0.066No 7.0–1.825.0 30.0 (20.0–39.3) 95.4 ± 285.4

Time to failure (days) Yes 1.0–179.0 68.0 (37.0–102.3) 77.1 ± 50.1
0.063No 34.0–225.0 105.0 (72.0–181.0) 119.1 ± 62.9

* Significance probability refers to the Mann-Whitney test.

Table A3. Evaluation of the influence of variables of interest on the time to therapeutic failure–univariate and multivari-
ate analysis.

Variables Univariate Analysis
Prevalence Ratio

95% CI
p-Value a

PJI b by GNB c 0.087 - -
PJI by MDR-GNB d 1.0 (0.4; 2.5) 0.991
PJI by XDR-GNB e 2.3 (1.0; 5.2) 0.044

DAIR f surgical strategy 0.842 - -
Presence of comorbidities 0.038 2.9 (1.0; 8.4) 0.044

p-values a < 0.05 were considered statistically significant. PJI b: Prosthetic Joints Infections; GNB c: Gram-negative bacteria; MDR-GNB d:
multidrug-resistant, gram-negative bacteria; XDR-GNB e: extensively-resistant, gram-negative bacteria; DAIR f: debridement and implant
retention. Significance probabilities in the univariate analysis refer to Log-Rank test. Significance probabilities in the multivariate analysis
refer to Cox regression.
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Abstract: This retrospective, multicenter observational study aimed to describe the outcomes of
surgical and medical treatment of C. acnes-related prosthetic joint infection (PJI) and the potential
benefit of rifampin-based therapies. Patients with C. acnes-related PJI who were diagnosed and
treated between January 2003 and December 2016 were included. We analyzed 44 patients with
C. acnes-related PJI (median age, 67.5 years (IQR, 57.3–75.8)); 75% were men. The majority (61.4%)
had late chronic infection according to the Tsukayama classification. All patients received surgical
treatment, and most antibiotic regimens (43.2%) included β-lactam. Thirty-four patients (87.17%)
were cured; five showed relapse. The final outcome (cure vs. relapse) showed a nonsignificant
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trend toward higher failure frequency among patients with previous prosthesis (OR: 6.89; 95% CI:
0.80–58.90) or prior surgery and infection (OR: 10.67; 95% IC: 1.08–105.28) in the same joint. Patients
treated with clindamycin alone had a higher recurrence rate (40.0% vs. 8.8%). Rifampin treatment
did not decrease recurrence in patients treated with β-lactams. Prior prosthesis, surgery, or infection
in the same joint might be related to recurrence, and rifampin-based combinations do not seem to
improve prognosis. Debridement and implant retention appear a safe option for surgical treatment
of early PJI.

Keywords: Cutibacterium acnes; prosthetic joint infection; surgical and medical treatment

1. Introduction

Cutibacterium (formerly known as Propionibacterium) acnes is an anaerobic Gram-
positive bacillus and a skin commensal organism with a predilection for pilosebaceous
follicles, and it was formerly considered a contaminant. Moreover, C. acnes has been identi-
fied as a cause of biomaterial-related infections (BRIs) involving arthroplasty, cerebrospinal
fluid (CSF) shunts, and spinal instrumentation, among others [1–3]. In recent years, with
improved diagnosis methodology, including prolonged incubation protocols, C. acnes has
become the microorganism most frequently related to infections involving shoulder pros-
theses. This infection type has become an emerging problem, but the relevant data are still
limited [1,4,5].

Cutibacterium infections are usually characterized by a paucity of classical infections
or inflammation symptoms, and they are often characterized by the absence of elevated
inflammatory markers [1,6].

The role of C. acnes in prosthetic joint infections (PJIs) might be underestimated for
the following reasons: (1) it is a common contaminant of the skin; (2) it needs a special
transport medium; (3) it has delayed growth (up to 14 days); (4) the cultures need to be
rechecked or discarded within 3 to 5 days of incubation. The advent of matrix-assisted laser
desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) for the routine
diagnosis of bacterial infections in clinical laboratories has increased the speed and ease of
anaerobic bacteria identification [4,7,8].

Cutibacterium appears to have a greater predilection for infections involving the shoul-
der joint compared to other anatomical regions. The risk factors for C. acnes-related
orthopedic infection include a history of joint surgery prior to the index surgery and male
sex [9,10].

C. acnes is usually susceptible to a wide range of common antibiotics but there are
no clinical trials or extensive observational studies that allow us to know the best antibi-
otic regimen or surgical procedure in these patients. The Infectious Diseases Society of
America (IDSA) guidelines recommend penicillin or ceftriaxone as first-line treatment for
C. acnes-related PJIs, with clindamycin or vancomycin as alternatives, and minocycline
or doxycycline for suppressive therapy [11]. However, there have also been reports of
increased antimicrobial resistance in biofilm-associated C. acnes isolates in vitro. In vitro
and animal models of C. acnes biofilms suggest the efficacy of rifampin against C. acnes-
related foreign-body infections [12,13], but adjunctive rifampin therapy is not included in
the IDSA recommendations for C. acnes-related PJI management.

Despite its antimicrobial susceptibility, C. acnes is sometimes remarkably difficult to
eradicate; therefore, medical management of PJIs without surgical intervention has been
considered to result in poorer clinical outcomes [2].

The aim of this study was to describe the epidemiological, clinical, and biological
characteristics, as well as the outcomes of surgical and medical treatment, of C. acnes-related
PJI and the potential benefit of rifampin-based therapeutic combinations.
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2. Results

Forty-six cases of C. acnes-related PJI were identified, of which two patients were
excluded because both had co-infections with a microorganism other than CNS. Finally,
we included 44 patients with C. acnes-related PJI. The median patient age was 67.5 years
(IQR, 57.3–75.8); 75% of the patients were men. The number of cases included, according to
year, is shown in Figure 1.
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Figure 1. Cases frequency by year.

2.1. Patient Baseline and Clinical Characteristics

Demographic data, comorbidities, risk factors predisposing to PJI, signs and symp-
toms, and laboratory data at presentation are shown in Table 1. Most cases were classified
as late chronic infection (type 2) or positive intraoperative culture (type 4), with 25% being
acute prosthetic infections according to the Tsukayama classification. However, accord-
ing to the Zimmerli classification, the most frequent type of infection was early infection
(52.3%), while delayed and late infections were present in 47.7% of cases.

Table 1. Demographic, clinical, and laboratory characteristics of shoulder PJI due to C. acnes.

Variable No (%) a

Age, years b 67.5 (IQR, 57.3–75.8)
Male 33 (75)

Charlson Index b 3.0 (IQR, 0.0–4.0)
Comorbidities

Diabetes mellitus 13 (29.5)
Oncologic diseases 8 (18.2)
Renal insufficiency 3 (6.8)

Immunosuppressive treatment 2 (4.5)
Others 14 (31.8)

Time to diagnosis, days b 78.0 (IQR, 10.0–431.0)
Previous prosthesis 5 (11.4)

Previous surgery 5 (11.4)
Previous infections 5 (11.4)
Prosthesis infection

Right shoulder 24 (54.5)
Left shoulder 20 (45.5)
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Table 1. Cont.

Variable No (%) a

Clinical characteristics
Fever 8 (18.2)

Joint pain 33 (75)
Swelling 23 (52.3)
Fistula 7 (15.9)

Purulent wound drainage 12 (27.3)
Laboratory parameters b

WBC count, cells/mm3 8245.0 (IRQ, 6427.5–10,367.5)
CRP, mg/dL 14.0 (IQR, 6.0–32.3)
ESR, mm/h 46.0 (IQR, 22.0–71.0)

Type of shoulder PJI
• Tsukayama classification

Early postoperative infection 11 (25.0)
Late chronic infection 27 (61.4)

Positive intraoperative infection 6 (13.6)
• Zimmerli classification

Early infection 23 (52.3)
Delayed or low-grade infection 14 (31.8)

Late infection 7 (15.9)
Abbreviations: CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; WBC, white blood cell. a Data are
the number (%) of cases. b Median (IQR, interquartile ranges).

2.2. Microbiological Characteristics and Antimicrobial Susceptibility Patterns

With regard to microbiological data, diagnosis was performed preoperatively and/or
intraoperatively in all patients. In 17 (38.6%) of the 44 patients, C. acnes was found in
the joint fluid aspiration. In 42 (95.5%) of 44 patients, C. acnes was found in intraop-
erative samples. There were 15 patients with C. acnes isolation in both samples (joint
and intraoperative).

Three or more positive cultures were obtained in 32 patients (72.7%), two cultures
were obtained in seven patients (15.9%), and only one culture was obtained in five patients
(11.4%), where the infection was demonstrated by histopathologic inflammation and posi-
tive sonicate fluid from the prosthetic material culture. All tested isolates were susceptible
to β-lactams (penicillin), vancomycin, and rifampin (Table 2).

Table 2. Samples and microbiological characteristics of shoulder PJI due to C. acnes.

Variable Patients No. (%) a

Samples taken for culture
Joint aspirate fluid 17 (38.6)

Intraoperative sample 42 (95.5)
Joint fluid + intraoperative samples 15 (34.1)

Microorganisms isolated
Only P. acnes 35 (79.5)

Co-infection with S. epidermidis 9 (20.5)
Microbial susceptibility b

Penicillin 39 (100)
Vancomycin 27 (100)
Clindamycin 38 (97.4)
Tetracycline 13 (100)

Rifampin 23 (100)
Abbreviations: CLSI, Clinical and Laboratory Standards Institute; EUCAST, European Committee on Antimicro-
bial susceptibility testing. a Data are the number (%) of cases; susceptibilities determined as per CLSI/EUCAST
breakpoints. b All antibiotics were not tested in all strains isolated.
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2.3. Surgical and Medical Therapy

All patients received surgical treatment: two-stage procedure (38.6%), debridement
and implant retention (DAIR) (36.4%), one-stage procedure (18.2%), arthrodesis (2.3%),
and resection arthroplasty (4.5%). When we compared the surgical treatment received
with the type of infection according to the Tsukayama classification, there was an expected
association between performing DAIR and early postoperative infection (Table 3).

Table 3. Comparison between the types of treatment with type of infection of shoulder PJI due to C. acnes.

Treatment
Type of Infection No. (%) a

Total (n = 44) p
Type 4 b (n = 6) Type 2 b (n = 27) Type 1 b (n = 11)

Antibiotic

Amoxicillin 3 (50.0) 13 (48.1) 3 (27.3) 19 (43.2) 0.558

Clindamycin 3 (50.0) 8 (29.6) 3 (27.3) 14 (31.8) 0.650

Rifampin 2 (33.3) 11 (40.7) 6 (54.5) 19 (43.2) 0.677

Surgical

Debridement and retention 0 6 (22.2) 10 (90.9) 16 (36.4) 0.000

2-stage procedure 1 (16.7) 15 (55.6) 1 (9.1) 17 (38.6) 0.013

1-stage procedure 4 (66.7) 4 (14.8) 0 (0) 8 (18.2) 0.006

Arthrodesis 0 1 (3.7) 0 (0) 1 (2.3) 1

Resection arthroplasty 1 (16.7) 1 (3.7) 0 (0) 2 (4.5) 0.315
a Data are the number (%) of cases. b Tsukayama classification: early postoperative infection (Type 1), late chronic infection (Type 2), and
positive intraoperative cultures (Type 4).

The majority (43.2%) of antibiotic regimens used β-lactam (amoxicillin), while clin-
damycin was used in 31.8% and other antibiotics (linezolid, quinolones, doxycycline, and
glycopeptides—vancomycin and teicoplanin) were used in 22.7%. Rifampin was adminis-
tered concurrently with at least one of the aforementioned antibiotics in 19 patients (43%),
with two cases of rifampin treatment being discontinued due to adverse reactions. When
we compared the type of antibiotic treatment with the type of infection, we observed no
significant differences (Table 3). The median duration of antibiotic therapy was 56 days
(IQR, 44–84 days).

2.4. Treatment Outcomes

Among the 44 patients included, 39 were evaluable for treatment outcome. At the
last follow-up, five patients were lost, 34 patients were considered cured, and five had
microbiologically confirmed recurrence. Three patients died due to noninfectious causes
(acute pulmonary edema, advanced renal neoplasm, and cardiorespiratory arrest); these
patients were followed up for more than 12 months with favorable infection outcomes.

We compared patients with a favorable outcome to those who failed treatment
(Table 4). All patients in the failure group were male, but there was no significant differ-
ence in the clinical presentation, treatment received, or type of infection. A nonsignificant
trend toward a higher frequency of failure was observed among patients with previous
prosthesis (odds ratio (OR): 6.89; 95% confidence interval (CI): 0.80–58.90; p = 0.078) and
previous surgery and infection in the same joint (OR: 10.67; 95% IC: 1.08–105.28; p = 0.043).
In addition, we observed a higher frequency of recurrence in diabetic patients (OR: 4.87;
95% IC: 0.69–34.50; p = 0.113) and those who were treated only with clindamycin (OR:
6.89; 95% IC: 0.80–58.90; p = 0.078) than those who only received amoxicillin (OR: 0.357;
95% CI: 0.04–3.55; p = 0.379) or rifampin-based combinations (OR: 0.844; 95% CI: 0.12–5.72;
p = 0.862).
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Table 4. Comparison of final outcomes.

Outcome

Variable
Cured

(N = 34)
Recurrence

(N = 5)
p

Age, years (Median) 68 (IQR, 57.8–76.3) 69 (IQ, 42.5–73.5) 0.378

Gender, No. (%)

Male 24 (70.6) 5 (100) 0.302

Female 10 (29.4) 0 (0)

Charlson Index (Median) 2.95 (IQR, 0–4.03) 2.0 (IQR, 0–4.50) 0.729

Comorbidities, No. (%)

Diabetes 8 (23.5) 3 (60) 0.125

Renal insufficiency 2 (5.9) 1 (20) 0.345

Oncologic disease 7 (20.6) 0.563

Immunosuppressive therapy 2 (5.9) 1

Previous prosthesis, No. (%) 3 (8.8) 2 (40) 0.114

Previous surgery, No. (%) 2 (5.9) 2 (40) 0.072

Previous infections, No. (%) 2 (5.9) 2 (40) 0.072

Prosthesis infection, No. (%)

Right shoulder 18 (53) 3 (60) 1

Left shoulder 16 (47) 2 (40)

Time to diagnosis, days (Median) 67 (IQR, 9–199) 70 (IQR, 7–1537) 0.823

Type of infection No. (%)

• Tsukayama classification 1

Early postoperative infection 10 (29.4) 1 (20.0)

Late chronic infection 20 (58.8) 3 (60.0)

Positive intraoperative cultures 4 (11.8) 1 (20.0)

• Zimmerli classification 0.823

Early infection 19 (55.9) 3 (60)

Delayed or low-grade infection 11 (32.4) 1 (20)

Late infection 4 (11.8) 1 (20)

Surgical treatment, No. (%)

Prosthesis retention 13 (38.2) 2 (40) 1

1-stage procedure 5 (14.7) 1 (20) 1

2-stage procedure 13 (38.2) 2 (40) 1

Arthrodesis 1 (2.9) 0 1

Resection arthroplasty 2 (5.9) 0 1

Antimicrobial treatment, No. (%)

Amoxicillin 14 (41.2) 1 (20) 0.631

Clindamycin 3 (8.8) 2 (40) 0.114

Other 2 (5.9) 0 1

Amoxicillin plus rifampin 3 (8.8) 1 (20) 0.436

Clindamycin plus rifampin 5 (14.7) 1 (20) 1

Other plus rifampin 7 (20.6) 0 0.563

124



Antibiotics 2021, 10, 475

Regarding surgical treatment, 15/39 patients (38.5%) underwent DAIR, with 13 having
favorable outcomes (Figure 2). When analyzed according to both classifications, for patients
classified by the Tsukayama guidelines, 9/13 cured patients (69.23%) had type 1 infections
and 4/13 (30.77%) had type 2, with one case of recurrence for type 1 and another recurrence
for type 2. According to the Zimmerli classification, 12/13 of the cured patients (92.30%)
had early infections and 1/13 (7.7%) had a delayed infection, with both recurrences being
classified as early infections. Of the 24 patients treated with prosthesis removal, only three
had recurrence (12.5%) (Table 4).

Figure 2. Flowchart of failure rates according to the medical and surgical approaches used. * Fifteen patients were treated
with a two-stage procedure, six were treated with a one-stage procedure, one was treated with arthrodesis, and two were
treated with resection arthroplasty.

Among the 39 evaluable patients, 17 were treated with rifampin. There were no differ-
ences in the outcome of patients treated with rifampin-based combinations. There were
five patients with positive intraoperative cultures, with one being treated with rifampin
therapy and cured, while the others (4/5) did not receive rifampin and recurrences were
observed. Of the 15 patients treated with DAIR, eight (53.3%) received rifampin-based
regimens, while seven did not, and one recurrence was observed in each group, but this
was not significant (Figure 2). We analyzed 11 patients who received clindamycin treatment
(six associated with rifampin) and there were three instances of recurrence (all isolates were
susceptible to clindamycin).

The epidemiological, clinical, and treatment data of the five patients who showed
recurrence are presented in Table 5.

125



Antibiotics 2021, 10, 475

Table 5. Individual clinical characteristics and treatment of the five recurrence cases.

Patient Age, Years a Sex
Comorbid

Factors
Clinical Signs and

Symptoms

Delay in
Diagnosis,

Days

Type of Infection Treatment

Tsukayama b Zimmerli
Type of
Surgery

Antibiotic
Regimen

Duration,
Days

1 69 Male Fever 407 Type 2 Delayed
infection

1-stage
procedure Amoxicillin 57

2 74 Male DM, CKD Joint pain, joint
swelling 70 Type 2 Early

infection DAIR Amoxicillin
plus Rifampin 138

3 52 Male DM Joint pain, joint
swelling, fistula 2667 Type 2 Late

infection
2-stage

procedure
Clindamycin

plus Rifampin 112

4 73 Male DM 0 Type 4 Early
infection

2-stage
procedure Clindamycin 60

5 33 Male

Joint pain, joint
swelling, fistula,
purulent wound

drainage

14 Type 1 Early
infection DAIR Clindamycin 175

Abbreviations: DM, diabetes mellitus; CKD, Chronic kidney disease. a Mean age (SD), 60.2 (SD 17.6) years. b Tsukayama classification:
early postoperative infection (Type 1), late chronic infection (Type 2), and positive intraoperative cultures (Type 4).

3. Discussion

In this retrospective multicenter study, we described 44 patients with shoulder PJI due
to C. acnes over a period of 14 years. The diagnosis of this infection is difficult due to the
absence of classical clinical evidence, as well as the challenges associated with culturing
the microorganism. In this 14 year series, we observed an increase in the number of
diagnosed cases of this infection, which is probably due to the extended incubation time
that has been demonstrated in other studies for maximizing the recovery of C. acnes from
PJI specimens [1,7,14–17].

Previous studies have argued that the shoulder has a propensity for infection with C.
acnes because it is the anaerobic dominant bacteria from healthy skin, particularly in moist
areas (axilla), where a higher C. acnes bacterial burden is observed in men compared to
women [17–19]. Moreover, previous series have reported that male gender is a risk factor
for the development of this infection [1,9,20]. These previous findings would explain our
results in which a male predominance of PJI was observed.

The most frequent types of infection in this study, according to the Tsukayama clas-
sification, were late chronic or positive intraoperative cultures, which is similar to that
reported in other studies [1,21,22]; this is due to the paucity of classical symptoms and
the absence of elevated inflammatory markers that delay diagnosis. However, when we
classified the infection type according to the Zimmerli classification, early infection was
the most frequent.

In our study, the most frequent symptom was joint pain. This is consistent with other
studies in which pain and functional limitations without either fever or constitutional
symptoms were the most frequent clinical presentations [6,7,23].

Previous surgery in the same joint has been linked to an increased risk of C. acnes-
related PJI because repeated manipulation of the joint causes changes in the anatomical
structure; this increases the duration of surgery, which is a major risk factor for shoulder
PJI from this microorganism [20,24,25]. We observed that previous prosthesis, infection, or
surgery in the same joint might be related with recurrence, but we could not demonstrate a
significant association, possibly due to small sample size.

In our study, all isolates tested were susceptible to penicillin, vancomycin, and ri-
fampin, with approximately 2.5% being resistant to clindamycin. These observed suscep-
tibility patterns were similar to those of other studies [1,7,22], which suggested that the
broad antimicrobial susceptibility of C. acnes appeared to be maintained.

Previous clinical studies and case reports provide little information regarding the
optimal treatment for C. acnes-related PJI. In our study, all patients received antibiotic and
surgical treatment. As expected, we observed significant differences between surgery type
(DAIR, two-stage surgery, and one-stage surgery), as well as the type of prosthetic infection.
Regarding surgical treatment, prosthesis retention and the two-stage procedure were the
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most frequent surgical procedures performed, unlike previous articles, which suggests that
prosthesis exchange should be the treatment of choice in most cases [2,5,26]. We observed
that, in the cases of early infection according to the Zimmerli classification, DAIR treatment
may be a safe option.

In terms of antimicrobial treatment, the outcomes with or without adjunctive rifampin
therapy were similar to other studies [1,22]. This finding is striking, particularly in cases
treated with debridement and implant retention, because this antibiotic has antibiofilm
activity and its effectiveness for the eradication of C. acnes has been demonstrated both
in vitro and in vivo in an animal model of foreign-body infection [12]. However, another
explanation could be that the presence of a high inoculum in the biofilms forms in a foreign
body (i.e., a prosthetic joint). In this state, the microorganism produces mutations that
can lead to some degree of resistance, which is observed as a reduced susceptibility to
rifampin; this phenomenon was reported in a study by Furustrand et al. [27], where it was
demonstrated in vitro.

On the other hand, we observed a nonsignificant trend toward a higher frequency of
failure among 11 patients who received clindamycin (cured 72.7% vs. recurrence 27.3%).
The IDSA guidelines recommend clindamycin as an alternative treatment to β-lactams, be-
cause the majority of tested isolates were susceptible; for this reason, the use of clindamycin
has been evaluated in previous studies [1–3]. However, future clinical trials will be needed
to compare antibiotic therapy between β-lactams and clindamycin in C. acnes-related PJI.

The strength of this multicenter study is that only patients with a proven diagnosis of C.
acnes-related PJI were included. Currently, most studies include all types of bone infection
due to this microorganism, which makes it difficult to determine the best management and
evolution of this entity.

This study did have some limitations. This was a retrospective observational study
that did not have predefined therapeutic procedures, and this could have induced bias.
Moreover, the follow-up time was limited to a 1 year period. However, in PJIs caused by
microorganisms as paucisymptomatic as C. acnes, in which DAIR has been performed, a
longer follow-up time might be necessary.

4. Methods

4.1. Study Design, Patients, and Settings

This multicenter, retrospective observational study was conducted at 16 hospitals
belonging to the Prosthetic Joint Infection Group of the Spanish Network for Research in
Infectious Diseases between January 2003 and December 2016.

Patients aged 18 years and older with shoulder PJIs that were caused by C. acnes
and diagnosed between January 2003 and December 2016 were included, regardless of
the age of the implant at the time of the initial symptoms. Polymicrobial infections with
coagulase-negative staphylococci (CNS) were also included.

4.2. Data Collection

Cases were identified by searching the databases of previously recorded consecutive
PJIs or the general archives at each participating hospital.

Medical chart abstraction was performed using a standardized case report form to re-
trieve demographic, clinical, and laboratory data. Demographic data included age and sex.
Laboratory data included erythrocyte sedimentation rate (ESR), C-reactive protein (CRP),
and white blood cell (WBC) counts. Clinical data consisted of comorbidities, immunosup-
pressive therapy, Charlson index, previous exposure to antibiotics (7 days), hospitalization
in the previous 90 days (of at least 2 days), and receipt of hemodialysis. We also collected
the following information regarding arthroplasty: date of implantation, site, primary or
revision arthroplasty, previous infections in the same joint (date and microorganism),
cemented versus uncemented arthroplasty, use of antibiotics in bone cement, and date
of diagnosis. The time from index surgery to diagnosis was recorded as the time from
the last surgical procedure performed pre diagnosis to the first positive C. acnes culture,
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with classification of the PJI, type and number of cultured samples, and their results also
being recorded.

Information regarding surgical treatment, exchange of removable pieces of the pros-
thesis (in at least one debridement surgery), and the type and duration of antimicrobials
used was also collected, as well as patient outcomes and the date of the last follow-up visit.

4.3. Definitions

A PJI was defined on the basis of previously detailed criteria [1,11]. The C. acnes
etiology was confirmed if ≥2 specimens were positive for C. acnes, or if one culture
specimen was positive for C. acnes, with no other organism detected on culture and
concurrent evidence of joint purulence, histopathological inflammation, or a sinus tract
communicating with the prosthesis. PJI was assigned according to the Tsukayama and
Zimmerli classifications [28–30].

4.4. Follow-Up and Treatment Success

Antimicrobial therapeutic regimens and treatment outcomes were assessed through
the last recorded clinical visit. Decisions on therapeutic regimens were based on the clinical
judgment of the infectious disease and surgical specialist providers. The type, delivery
method, and duration of antimicrobial therapy were recorded.

After being discharged, patients were followed-up according to the protocol of each
participating center. The follow-up period was calculated from surgery due to infection:
debridement, one-stage exchange, two-stage exchange, or other procedures (arthrode-
sis/resection arthroplasty). Among patients in remission, only those with at least 1 year of
follow-up were included in the outcome analysis.

Cure was defined as the absence of signs and symptoms of infection at the conclusion
of a minimum 1 year follow-up period after antibiotic therapy, which did not result in
unplanned additional surgical debridement for putative persistent infection. Treatment
failure was established on the basis of the following criteria: (1) persistence of symptoms
and clinical signs of infection during treatment that led to a change in the surgical strategy
(except for new surgical debridement during the first month after an initial debridement);
(2) the recurrence of symptoms and clinical signs of infection once the surgical strategy
was completed, with isolation of the same microorganism; (3) the need for suppressive
antibiotic treatment against C. acnes; (4) infection-related death. Any case of reinfection
by microorganisms other than C. acnes detected during the follow-up period was not
considered a failure.

4.5. Microbiological Methods

Culture specimens were collected and processed at each participating institution,
following the Spanish guidelines for the microbiological diagnosis of bone and joint infec-
tions [31,32]. Identification testing of isolates was performed in the clinical microbiology
laboratory at each center using standard microbiological techniques. The susceptibilities of
C. acnes isolates were tested against standard antimicrobial agents. Isolates were classified
as susceptible according to the minimum inhibitory concentration (MIC) breakpoints set
by the Clinical and Laboratory Standards Institute (CLSI) or the European Committee on
Antimicrobial Susceptibility Testing (EUCAST).

4.6. Statistical Analysis

The descriptive analysis for defining the patient’s characteristics was done by fre-
quencies and percentages for categorical variables and measures of central tendency and
dispersion for numerical variables. The non-normally distributed continuous variables
were expressed by median and interquartile range (IQR). For evaluating the differences
between favorable outcome and failed treatment, the Mann–Whitney U test was used to
compare continuous variables and the chi-squared and Fisher exact tests were used for
comparing categorical variables. Moreover, univariate logistic regression was used for
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evaluating the recurrence risk. A p-value <0.05 was considered statistically significant.
Statistical analyses were performed using SPSS software version 26 (IBM Inc., Armonk,
NY, USA).

5. Conclusions

Physicians should be aware of the increase in the frequency of shoulder PJIs caused by
C. acnes because there are few clinical symptoms and an absence of elevated inflammatory
markers. On the other hand, patients with type 1 infections according to the Tsukayama
classification or early infection by the Zimmerli classification could be treated with DAIR.
According to our data, rifampin therapy does not seem to improve outcomes, and clin-
damycin seems to be associated with a worse prognosis. Randomized studies with a greater
number of patients are necessary to establish the optimal antimicrobial treatment.
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Abstract: Candida periprosthetic joint infection (CPJI) is a rare and very difficult to treat infection,
and high-quality evidence regarding the best management is scarce. Candida spp. adhere to medical
devices and grow forming biofilms, which contribute to the persistence and relapse of this infection.
Typically, CPJI presents as a chronic infection in a patient with multiple previous surgeries and long
courses of antibiotic therapy. In a retrospective series of cases, the surgical approach with higher rates
of success consists of a two-stage exchange surgery, but the best antifungal treatment and duration of
antifungal treatment are still unclear, and the efficacy of using an antifungal agent-loaded cement
spacer is still controversial. Until more evidence is available, focusing on prevention and identifying
patients at risk of CPJI seems more than reasonable.

Keywords: Candida spp.; periprosthetic joint infection; fungus; biofilm; antifungal-loaded cement
spacer; two-stage exchange surgery

1. Introduction

Periprosthetic joint infection (PJI), which occurs in approximately 1–2% of all pro-
cedures, is one of the most feared complications after arthroplasty due to its associated
comorbidities and the possible need for implant removal [1]. Candida periprosthetic joint
infection (CPJI) represents a rare etiology among all PJIs; sometimes it is very difficult
to diagnose, and it is especially difficult to treat when the prosthetic material cannot
be removed [2]. In addition, we have no clear guidelines regarding the best antifungal
management in these cases [3–7], and evidence is based on small retrospective series.

2. Epidemiology

There have been a few recent studies analyzing the prevalence of these infections,
and most of them are retrospective in nature [8–11]. A Spanish retrospective multicenter
study that analyzed the etiology of PJIs from 2003 to 2012 found that a fungal etiology
represented 1.3% of all culture-positive PJIs (n = 2288), and Candida spp. were responsible
for 90% of all fungal infections [9]. A smaller retrospective multicenter study performed
in Australia from 2006 to 2008 found that CPJI accounted for 0.7% (1/152) of all culture-
positive infections [10], and another study that compared the etiology of PJIs between two
referral centers in Europe and in the United States between 2000 and 2011 found that fungal
PJIs were responsible for 2.3% of 772 cases and 0.3% of 898 cases, respectively [11].

The species of Candida depends on the local epidemiology of the geographical area.
In two multicenter studies in Spain [2,9] and one in the United States [12], C. albicans
was the most frequently isolated fungus (55–65%), followed by C. parapsilosis (13–33%).
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Other species, such as C. glabrata and C. tropicalis, were more anecdotic (3–7% and 2–4%,
respectively). Smaller series have found similar results [13,14], and in a recent review
of the literature, C. albicans (47.3%) was the most frequent strain isolated, followed by C.
parapsilosis (22.3%) [15], but epidemiology may still vary among regions.

3. Pathogenesis and Risk Factors

Colonization by Candida spp. is regarded as the first step for subsequent infection [16],
and Candida spp. are common commensals of the human skin and gut microbiota in healthy
individuals [17–19]. Invasive disease, which encompasses both candidemia and deep-
seated infections, usually results from an abnormal or increased number of fungi combined
with alterations in the cutaneous and mucosal barriers due to weakening of host immu-
nity [16,17], which permits the transition from Candida sp. commensalism to opportunism.
Three possible routes of CPJI development have been described: (1) the hematogenous
route from an infected catheter or a urinary or intraabdominal source; (2) direct inoculation
during prosthesis implantation, revision surgery, or even after arthrocentesis, especially in
colonized patients; and (3) extension into synovial fluid from contiguous infected tissues.

Candida spp. have specific properties allowing them to adhere to surfaces and form
biofilms, especially on prosthetic devices, which permits the development of persister cells,
facilitating antifungal resistance, and explains treatment failure when the implant is not
removed. In vitro experiments have shown that C. albicans biofilm formation begins with
the adherence of yeast to a substrate and thereafter yeast cells proliferate across the surface
and produce filamentous forms, including hyphae and pseudohyphae. As the biofilm
matures, an extracellular matrix accumulates, facilitating antifungal resistance, notably
to azoles and polyenes, through different mechanisms [20], which may explain the high
failure rates in CPJI when the implant is not removed. Finally, non-adherent yeast cells are
released from the biofilm into the surrounding medium (the dispersal step). C. albicans, the
most frequent causative agent of CPJI, has been reported to form larger and more complex
biofilms than other Candida species [21].

All parts of the immune system are involved in the response to this infection. For
example, deficiencies in the T-helper 17 lymphocyte cell line impair the mucosal immune
response to Candida spp. and facilitate Candida infections. Neutrophil dysfunction or
leukopenia also predisposes patients to suffer invasive candidiasis, and complement or
immunoglobulin deficiency or alteration is associated with complicated disease as well [17].
The regulatory pathways and mechanisms that govern Candida biofilm development
are very complex [20]; gene expression of C. albicans is regulated by both a continuous
host–pathogen interplay and by distinct genetic mechanisms [19], but this is not the scope
of this review.

However, there are other factors that are not only easier to identify than alterations in
host immunity but also probably more prevalent in patients with CPJIs and may play a
major role in the pathogenesis of invasive candidiasis. The most reported factors are as
follows [17]: (1) the long-term or repeated use of broad-spectrum antibiotics, especially
in the previous 3 months, which depletes commensal gut bacteria, enabling Candida sp.
overgrowth. Many antibiotics are known to promote fungal growth and pathogenicity
because they disrupt the microbiota and eliminate anaerobic bacteria in the gut which
could have otherwise inhibited the fungi, and studies show that the introduction of small
amounts of C. albicans to mice after antibiotic treatment caused significant changes in
the gut microbiota, which may persist in the long term [22]. (2) Breach of the cutaneous
and gastrointestinal barriers by chemotherapy, surgery, gastrointestinal perforation, or
instrumentation, such as central venous catheters, which may facilitate Candida sp. translo-
cation into the bloodstream. (3) Immunosuppression secondary to malignant diseases,
immunodeficiencies, or immunosuppressive therapy. Other risk factors reported in pa-
tients with CPJIs have been older age [18], diabetes, rheumatoid arthritis, malnutrition,
and tuberculosis, which probably also reflect alterations in host immunity [2,12–14,23].
Other series have also identified that multiple previous surgeries at the site of the CPJI
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are also a risk factor [2,13,23,24]. A recent retrospective case–control study that compared
fungal PJIs with bacterial PJIs found that recent antibiotic consumption (OR: 3.4; 95% CI:
1.2–9.3) and prolonged wound drainage (OR: 7.3; 95% CI: 2.02–26.95) were significantly
associated with CPJI [13]. In our experience, patients treated with long courses of linezolid
for multidrug-resistant chronic bacterial PJIs tend to present mucocutaneous candidiasis,
and their colonization may persist for an unknown duration, which could also be another
risk factor for hip CPJI.

Although it has not been deeply studied, considering the pathogenesis of the disease,
previous Candida spp. colonization in the urine or Candida intertrigo may also be risk
factors in patients undergoing hip arthroplasty [2,13]. In a multicenter retrospective study
of patients with CPJIs, we found 14% of patients with Candida intertrigo and 9% of patients
with a previous urinary tract infection (three with positive blood cultures) caused by the
same Candida spp. before the diagnosis of CPJI [2].

4. Clinical Manifestations and Diagnosis

CPJIs are usually chronic infections characterized by pain, swelling, and sinus tracts.
Implant loosening may be observed on radiography in nearly 50% of cases, as previously
reported in some studies [2,25]. In fact, the median duration from the index surgery
and the diagnosis of CPJI averaged 17–25 months [12,13]. Blood tests could show no
leukocytosis, and the C-reactive protein (CRP) level and erythrocyte sedimentation rate are
usually normal or mildly elevated [2,12]. The same recently published study comparing
patients with CPJIs with those with bacterial PJIs showed that patients with CPJIs had
lower median CRP values (2.95 mg/dL vs. 5.99 mg/dL) and lower synovial fluid leukocyte
levels (13,953 cells/mm3 vs. 33,198 cell/mm3) [13].

The criteria to diagnose CPJI are not well established, and the same criteria used in
diagnosing bacterial PJIs may not be reliable in some cases. The Infectious Diseases Society
of America (IDSA) guidelines [3], a previous International Consensus on PJIs [6], and a
recent European Bone and Joint Infection Society (EBJIS) consensus [26] consider two or
more intraoperative cultures or the combination of preoperative aspiration and intraop-
erative cultures yielding the same organism definitive evidence of a PJI [3]. However,
when reviewing published series of CPJI cases, the microbiological criteria changed from
one study to another. Some authors consider that one positive preoperative aspiration
culture and/or a positive intraoperative culture is sufficient [9], while others require two
positive cultures [2,13] or one positive culture with additional criteria for PJIs [2,24]. In our
opinion, when Candida spp. are found in only one intraoperative culture, the case should
be evaluated carefully, and treating the Candida etiology should be considered, especially
in patients with other risk factors for CPJI such as previous antibiotic therapy or multiple
previous surgeries (Figure 1). In fact, even if another microorganism is isolated in two or
more cultures, polymicrobial infection is not infrequent, particularly in the hip location,
being found in 16% to 26% of cases, depending on the series [2,12], and this should not be
a criterion for discarding the value of one positive culture for Candida spp.
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Figure 1. Diagnosis of Candida periprosthetic joint infection.

5. Medical and Surgical Treatment

International guidelines on candidiasis and PJIs [5,7] recommend, with limited ev-
idence, the combination of prosthesis removal and reimplantation in two stages. They
recommend a prolonged period of antifungal therapy for at least 12 weeks after resection
arthroplasty and at least 6 weeks after prosthesis implantation, without specifying the best
antifungal option [5]. They state that the use of antifungal agent-loaded cement spacers
is controversial.

The fact that Candida spp. grow and form biofilms on medical devices makes these
microorganisms highly resistant to antifungal agents and the host immune system [27–30].
Therefore, the best surgical approach is to remove the prosthetic material to avoid the
problem of antifungals penetrating and acting within the biofilm. In this sense, a two-stage
exchange arthroplasty strategy is probably the best option when feasible to eradicate the
infection and to preserve joint function [15], with variable success rates from 14% to almost
100% depending on the series and on the definition of success [2,12,14,23–25,31–35]. In
patients with reduced mobility, particularly old patients with multiple previous surgeries
in the same location, a resection arthroplasty may be the best alternative. There is less
evidence of success with a one-stage exchange arthroplasty strategy, which has been
reported in only a few cases [15,36,37]. In a recent review of the literature of 76 episodes
of CPJI, one-stage exchange arthroplasty was performed only in three patients with a
favorable outcome [15], but in another series of 11 CPJI episodes, it was performed in
four with success in two [14]. However, due to the publication bias, the small amount of
experience and the difficulty of curing this type of infection, with a high rate of relapses,
in our opinion, this procedure should be used only in very selected cases. Irrigation and
debridement with prosthesis retention usually fails to cure the infection (cure rates from 0%
to 20%), especially in cases of chronic infection [2,12,23,32,35]. Table 1 summarizes the type
of treatment, the duration of follow-up and the outcome of the larger case series (number
of patients ≥ 10) of CPJI.
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Fluconazole is active against most CPJI isolates, and it shows good penetration into
synovial fluid and less toxicity than amphotericin B, but its activity against Candida sp.
biofilms is limited. However, the antifungals that have demonstrated better activity against
biofilms are echinocandins and liposomal formulations of amphotericin B [27–29,38]. In the
absence of clear recommendations for systemic antifungal treatment, the most frequently
used antifungals have been fluconazole followed by amphotericin B in older series and [15]
by echinocandins in recent series [2], with different outcomes, especially in relation to the
type of surgical approach (Table 1). However, due to the rarity of this infection, there will
probably not be randomized clinical trials regarding the best antifungal treatment. In our
retrospective multicenter study, we found better results when amphotericin B or echinocan-
dins rather than fluconazole were combined with implant removal [2], with remission rates
higher than 80% vs. 62%, similar to values reported in previous studies [32,39]. Therefore,
we would recommend the use of an antifungal with antibiofilm activity, amphotericin B or
an echinocandin, after resection arthroplasty and after prosthesis implantation, following
our proposed diagram of treatment in Figure 2.

Figure 2. Our proposal for optimal treatment of Candida periprosthetic joint infection.

On the other hand, few studies have evaluated the efficacy of using an antifungal
agent-loaded cement spacer in staged exchange arthroplasty for CPJI, so the indication
to use it remains controversial. Moreover, there is no consensus on which antifungal
agent should be used and at what dose to achieve the optimal balance between cement
stability and drug elution. There have been some cases in which amphotericin B deoxy-
cholate or an azole (mainly fluconazole or voriconazole) was mixed with the cement in
the spacer [2,15,35,40–42], with different outcomes. In our clinical practice, amphotericin
B (200 mg of amphotericin B deoxycholate for every 40 g of bone cement) is often used
because of its broad antifungal spectrum and antibiofilm activity, its heat stability, and
its availability in powder form. However, amphotericin B has been proven to behave
differently than water-soluble antibacterial agents [43,44], and it is not clear whether the
local dose is sufficiently high to elute from cement spacers [27,39,42–44] or whether it is
toxic to osteoblasts [45]. An in vitro study found that the elution of 800 mg of liposomal
amphotericin B was higher than that of the same dose of deoxycholate amphotericin B
when mixed with acrylic bone cement, although it was associated with a loss of compres-
sive strength [46]. In addition, some authors and ourselves have concerns about using
only antifungal agents in cement spacers, and we prefer to combine amphotericin B with
vancomycin plus gentamycin to avoid bacterial superinfections [15]. Until more evidence
is available, we believe that using antifungal agent-loaded cement spacers (preferably with
amphotericin B and combined with antibacterial agents) in staged exchange arthroplasty
seems reasonable to avoid relapses secondary to fungi that may remain adhered to the
bone and cement spacer.

Another unsolved issue is the duration of antifungal treatment. Although short
antifungal courses (6 weeks) were successful in a small series when using a staged ex-
change procedure [33], the median duration of antifungal treatment in larger studies was
3 months [2,12,25,34], consistent with IDSA guideline recommendations [5]. In our opinion,
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at least 3 months of antifungal treatment are necessary, especially with a drug with an-
tibiofilm activity (an echinocandin or amphotericin B) and combined with implant removal
whenever possible, preferably in the form of a two-stage exchange procedure to maintain
joint functionality (Figure 2). In patients with high surgical risk for whom prostheses
cannot be removed, suppressive therapy with azoles may be an alternative treatment to
maintain joint functionality [2].

6. Prognosis and Prevention

The prognosis of patients with CPJIs varies depending on the medical and surgical ap-
proach. Often, aggressive surgical treatment is dismissed due to the patient’s comorbidities,
and resection arthroplasty or amputation is performed, resulting in poor patient functional-
ity, but at least curing the infection. On the other hand, even if performing the best strategy
(a two-stage exchange), some patients may persist with the infection or relapse. A recent
study found that the main risk factors for two-stage exchange failure are hemodialysis,
obesity, multiple previous procedures, diabetes, corticosteroid therapy, hypoalbuminemia,
immunosuppression, rheumatological diseases, coagulation disorders, and infection due to
multidrug-resistant bacteria or fungal species [47]. Therefore, if some of these risk factors
coexist in a patient with CPJI, a resection arthroplasty, agreed with the patient, may be the
best alternative to cure the infection even if it implies loosing functionality. Unfortunately,
we have no score of risk that helps us in making the best decision. In addition, due to
the formation of biofilms by Candida spp., CPJIs, when treated, may take several months
or even years to relapse. Patient follow-up varies among some studies, and this makes it
difficult to establish when CPJI can be considered cured. In our personal experience, due
to the chronic nature of CPJI, follow-up periods shorter than 2 years may not be able to
detect some relapses.

As histories of previous antibiotic therapy or surgery are not modifiable, we believe
that searching for and treating Candida intertrigo in patients with risk factors for CPJI
would be a reasonable, cost-effective measure [2,13]. Therefore, although there is no
strong evidence to support this hypothesis, we believe that patients with previous Candida
infection or clinical Candida colonization may benefit from the addition of fluconazole to
standard prophylaxis before hip arthroplasty. Another more debatable measure would be
including fluconazole in surgical prophylaxis for patients with an advanced age, diabetes, a
long course of antibiotic therapy in the previous months (especially if it was with linezolid)
and multiple previous orthopedic surgeries. As these factors may be difficult to evaluate
retrospectively, prospective multicenter studies are needed.

Given the poor prognosis of this type of infection, until more evidence is available
regarding the best antifungal treatment, the duration of treatment, and the efficacy of using
antifungal agent-loaded cement spacers, focusing on CPJI prevention remains essential.

Author Contributions: L.E.-V. and C.P. contributed to the conception, methodology, writing of the
original draft, and writing of the review and editing with the assistance of a medical writer. D.R.-P.
and P.S.C. contributed to the review and editing of the manuscript. All authors have read and agreed
to the published version of the manuscript.

Funding: This research did not receive any specific grant from funding agencies in the public,
commercial, or not-for-profit sectors.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

PJI periprosthetic joint infection
CPJI Candida periprosthetic joint infection

140



Antibiotics 2021, 10, 458

References

1. Tande, A.J.; Patel, R. Prosthetic Joint Infection. Clin. Microbiol. Rev. 2014, 27, 302–345. [CrossRef] [PubMed]
2. Escolà-Vergé, L.; Rodríguez-Pardo, D.; Lora-Tamayo, J.; Morata, L.; Murillo, O.; Vilchez, H.; Sorli, L.; Carrión, L.G.; Barbero, J.M.;

Palomino-Nicás, J.; et al. Candida Periprosthetic Joint Infection: A Rare and Difficult-to-Treat Infection. J. Infect. 2018, 77, 151–157.
[CrossRef]

3. Osmon, D.R.; Berbari, E.F.; Berendt, A.R.; Lew, D.; Zimmerli, W.; Steckelberg, J.M.; Rao, N.; Hanssen, A.; Wilson, W.R. Diagnosis
and Management of Prosthetic Joint Infection: Clinical Practice Guidelines by the Infectious Diseases Society of America. Clin.
Infect. Dis. 2013, 56, e1–e25. [CrossRef] [PubMed]

4. Ariza, J.; Cobo, J.; Baraia-Etxaburu, J.; Benito, N.; Bori, G.; Cabo, J.; Corona, P.; Esteban, J.; Horcajada, J.P.; Lora-Tamayo, J.;
et al. Executive Summary of Management of Prosthetic Joint Infections. Clinical Practice Guidelines by the Spanish Society of
Infectious Diseases and Clinical Microbiology (SEIMC). Enferm. Infect. Microbiol. Clin. 2017, 35, 189–195. [CrossRef]

5. Pappas, P.G.; Kauffman, C.A.; Andes, D.R.; Clancy, C.J.; Marr, K.A.; Ostrosky-Zeichner, L.; Reboli, A.C.; Schuster, M.G.; Vazquez,
J.A.; Walsh, T.J.; et al. Clinical Practice Guideline for the Management of Candidiasis: 2016 Update by the Infectious Diseases
Society of America. Clin. Infect. Dis. 2015, civ933. [CrossRef]

6. Parvizi, J.; Gehrke, T.; Chen, A.F. Proceedings of the International Consensus on Periprosthetic Joint Infection. Bone Jt. J. 2013, 95,
1450–1452. [CrossRef]

7. Belden, K.; Cao, L.; Chen, J.; Deng, T.; Fu, J.; Guan, H.; Jia, C.; Kong, X.; Kuo, F.-C.; Li, R.; et al. Hip and Knee Section, Fungal
Periprosthetic Joint Infection, Diagnosis and Treatment: Proceedings of International Consensus on Orthopedic Infections.
J. Arthroplast. 2019, 34, S387–S391. [CrossRef]

8. Benito, N.; Mur, I.; Ribera, A.; Soriano, A.; Rodríguez-Pardo, D.; Sorlí, L.; Cobo, J.; Fernández-Sampedro, M.; del Toro, M.; Guío, L.;
et al. The Different Microbial Etiology of Prosthetic Joint Infections According to Route of Acquisition and Time after Prosthesis
Implantation, Including the Role of Multidrug-Resistant Organisms. J. Clin. Med. 2019, 8, 673. [CrossRef]

9. Benito, N.; Franco, M.; Ribera, A.; Soriano, A.; Rodriguez-Pardo, D.; Sorlí, L.; Fresco, G.; Fernández-Sampedro, M.; Do-
lores Del Toro, M.; Guío, L.; et al. Time Trends in the Aetiology of Prosthetic Joint Infections: A Multicentre Cohort Study.
Clin. Microbiol. Infect. 2016, 22, 732.e1–732.e8. [CrossRef]

10. Peel, T.N.; Cheng, A.C.; Buising, K.L.; Choong, P.F.M. Microbiological Aetiology, Epidemiology, and Clinical Profile of Prosthetic
Joint Infections: Are Current Antibiotic Prophylaxis Guidelines Effective? Antimicrob. Agents Chemother. 2012, 56, 2386–2391.
[CrossRef] [PubMed]

11. Aggarwal, V.K.; Bakhshi, H.; Ecker, N.U.; Parvizi, J.; Gehrke, T.; Kendoff, D. Organism Profile in Periprosthetic Joint Infection:
Pathogens Differ at Two Arthroplasty Infection Referral Centers in Europe and in the United States. J. Knee Surg. 2014, 27, 399–406.
[CrossRef]

12. Azzam, K.; Parvizi, J.; Jungkind, D.; Hanssen, A.; Fehring, T.; Springer, B.; Bozic, K.; Della Valle, C.; Pulido, L.; Barrack, R.
Microbiological, Clinical, and Surgical Features of Fungal Prosthetic Joint Infections: A Multi-Institutional Experience. J. Bone Jt.
Surg. Am. Vol. 2009, 91, 142–149. [CrossRef] [PubMed]

13. Riaz, T.; Tande, A.J.; Steed, L.L.; Demos, H.A.; Salgado, C.D.; Osmon, D.R.; Marculescu, C.E. Risk Factors for Fungal Prosthetic
Joint Infection. J. Bone Jt. Infect. 2020, 5, 76–81. [CrossRef] [PubMed]

14. Saconi, E.S.; de Carvalho, V.C. Prosthetic Joint Infection Due to Candida Species. Medicine 2020, 99, e19735. [CrossRef] [PubMed]
15. Cobo, F.; Rodríguez-Granger, J.; Sampedro, A.; Aliaga-Martínez, L.; Navarro-Marí, J.M. Candida Prosthetic Joint Infection.

A Review of Treatment Methods. J. Bone Jt. Infect. 2017, 2, 114–121. [CrossRef]
16. Pappas, P.G.; Lionakis, M.S.; Arendrup, M.C.; Ostrosky-Zeichner, L.; Kullberg, B.J. Invasive Candidiasis. Nat. Rev. Dis. Primers

2018, 4, 18026. [CrossRef] [PubMed]
17. McCarty, T.P.; Pappas, P.G. Invasive Candidiasis. Infect. Dis. Clin. N. Am. 2016, 30, 103–124. [CrossRef] [PubMed]
18. Kullberg, B.J.; Arendrup, M.C. Invasive Candidiasis. N. Engl. J. Med. 2015, 373, 1445–1456. [CrossRef]
19. Hube, B. From Commensal to Pathogen: Stage- and Tissue-Specific Gene Expression of Candida albicans. Curr. Opin. Microbiol.

2004, 7, 336–341. [CrossRef]
20. Finkel, J.S.; Mitchell, A.P. Genetic Control of Candida albicans Biofilm Development. Nat. Rev. Microbiol. 2011, 9, 109–118.

[CrossRef]
21. Kuhn, D.M. Comparison of Biofilms Formed by Candidaalbicans and Candidaparapsilosis on Bioprosthetic Surfaces.

Infect. Immun. 2002, 70, 878–888. [CrossRef] [PubMed]
22. Sam, Q.; Chang, M.; Chai, L. The Fungal Mycobiome and Its Interaction with Gut Bacteria in the Host. Int. J. Mol. Sci. 2017, 18,

330. [CrossRef] [PubMed]
23. García-Oltra, E.; García-Ramiro, S.; Martínez, J.C.; Tibau, R.; Bori, G.; Bosch, J.; Mensa, J.; Soriano, A. Prosthetic joint infection by

Candida spp. Rev. Esp. Quimioter. 2011, 24, 37–41. [PubMed]
24. Brown, T.S.; Petis, S.M.; Osmon, D.R.; Mabry, T.M.; Berry, D.J.; Hanssen, A.D.; Abdel, M.P. Periprosthetic Joint Infection With

Fungal Pathogens. J. Arthroplast. 2018, 33, 2605–2612. [CrossRef]
25. Kuiper, J.W.; van den Bekerom, M.P.; van der Stappen, J.; Nolte, P.A.; Colen, S. 2-Stage Revision Recommended for Treatment

of Fungal Hip and Knee Prosthetic Joint Infections: An Analysis of 164 Patients, 156 from the Literature and 8 Own Cases.
Acta Orthop. 2013, 84, 517–523. [CrossRef]

141



Antibiotics 2021, 10, 458

26. McNally, M.; Sousa, R.; Wouthuyzen-Bakker, M.; Chen, A.F.; Soriano, A.; Vogely, H.C.; Clauss, M.; Higuera, C.A.; Trebše, R. The
EBJIS Definition of Periprosthetic Joint Infection: A Practical Guide for Clinicians. Bone Jt. J. 2021, 103, 18–25. [CrossRef]

27. Kuhn, D.M.; George, T.; Chandra, J.; Mukherjee, P.K.; Ghannoum, M.A. Antifungal Susceptibility of Candida Biofilms: Unique
Efficacy of Amphotericin B Lipid Formulations and Echinocandins. Antimicrob. Agents Chemother. 2002, 46, 1773–1780. [CrossRef]

28. Nett, J.E. Future Directions for Anti-Biofilm Therapeutics Targeting Candida. Expert Rev. Anti Infect. Ther. 2014, 12, 375–382.
[CrossRef]

29. Iñigo, M.; Pemán, J.; Del Pozo, J.L. Antifungal Activity against Candida Biofilms. Int. J. Artif. Organs 2012, 35, 780–791. [CrossRef]
30. Mukherjee, P.K.; Chandra, J. Candida Biofilms: Development, Architecture, and Resistance. Microbiol. Spectrum. 2015, 3.

[CrossRef]
31. Ueng, S.W.N.; Lee, C.-Y.; Hu, C.; Hsieh, P.-H.; Chang, Y. What Is the Success of Treatment of Hip and Knee Candidal Periprosthetic

Joint Infection? Clin. Orthop. Relat. Res. 2013, 471, 3002–3009. [CrossRef]
32. Hwang, B.H.; Yoon, J.Y.; Nam, C.H.; Jung, K.A.; Lee, S.C.; Han, C.D.; Moon, S.H. Fungal Peri-Prosthetic Joint Infection after

Primary Total Knee Replacement. J. Bone Jt. Surg. Br. 2012, 94, 656–659. [CrossRef] [PubMed]
33. Anagnostakos, K.; Kelm, J.; Schmitt, E.; Jung, J. Fungal Periprosthetic Hip and Knee Joint Infections. J. Arthroplast. 2012, 27,

293–298. [CrossRef] [PubMed]
34. Phelan, D.M.; Osmon, D.R.; Keating, M.R.; Hanssen, A.D. Delayed Reimplantation Arthroplasty for Candidal Prosthetic Joint

Infection: A Report of 4 Cases and Review of the Literature. Clin. Infect. Dis. 2002, 34, 930–938. [CrossRef] [PubMed]
35. Gao, Z.; Li, X.; Du, Y.; Peng, Y.; Wu, W.; Zhou, Y. Success Rate of Fungal Peri-Prosthetic Joint Infection Treated by 2-Stage Revision

and Potential Risk Factors of Treatment Failure: A Retrospective Study. Med. Sci. Monit. 2018, 24, 5549–5557. [CrossRef] [PubMed]
36. Selmon, G.P.F.; Slater, R.N.S.; Shepperd, J.N.; Wright, E.P. Successful 1-Stage Exchange Total Knee Arthroplasty for Fungal

Infection. J. Arthroplast. 1998, 13, 114–115. [CrossRef]
37. Klatte, T.O.; Kendoff, D.; Kamath, A.F.; Jonen, V.; Rueger, J.M.; Frommelt, L.; Gebauer, M.; Gehrke, T. Single-Stage Revision for

Fungal Peri-Prosthetic Joint Infection: A Single-Centre Experience. Bone Jt. J. 2014, 96-B, 492–496. [CrossRef]
38. Katragkou, A.; Chatzimoschou, A.; Simitsopoulou, M.; Dalakiouridou, M.; Diza-Mataftsi, E.; Tsantali, C.; Roilides, E. Differential

Activities of Newer Antifungal Agents against Candida Albicans and Candida Parapsilosis Biofilms. Antimicrob. Agents Chemother.
2008, 52, 357–360. [CrossRef]

39. Schoof, B.; Jakobs, O.; Schmidl, S.; Klatte, T.O.; Frommelt, L.; Gehrke, T.; Gebauer, M. Fungal Periprosthetic Joint Infection of the
Hip: A Systematic Review. Orthop. Rev. 2015, 7. [CrossRef]

40. Bruce, A.S.W.; Kerry, R.M.; Norman, P.; Stockley, I. Fluconazole-Impregnated Beads in the Management of Fungal Infection of
Prosthetic Joints. J. Bone Jt. Surg. Br. Vol. 2001, 83, 183–184. [CrossRef]

41. Deelstra, J.J.; Neut, D.; Jutte, P.C. Successful Treatment of Candida Albicans–Infected Total Hip Prosthesis with Staged Procedure
Using an Antifungal-Loaded Cement Spacer. J. Arthroplast. 2013, 28, 374.e5–374.e8. [CrossRef] [PubMed]

42. Marra, F.; Robbins, G.M.; Masri, B.A.; Duncan, C.; Wasan, K.M.; Kwong, E.H.; Jewesson, P.J. Amphotericin B-Loaded Bone
Cement to Treat Osteomyelitis Caused by Candida albicans. Can. J. Surg. 2001, 44, 383.

43. Goss, B.; Lutton, C.; Weinrauch, P.; Jabur, M.; Gillett, G.; Crawford, R. Elution and Mechanical Properties of Antifungal Bone
Cement. J. Arthroplast. 2007, 22, 902–908. [CrossRef] [PubMed]

44. Kweon, C.; McLaren, A.C.; Leon, C.; McLemore, R. Amphotericin B Delivery From Bone Cement Increases With Porosity but
Strength Decreases. Clin. Orthop. Relat. Res. 2011, 469, 3002–3007. [CrossRef] [PubMed]

45. Harmsen, S.; McLaren, A.C.; Pauken, C.; McLemore, R. Amphotericin B Is Cytotoxic at Locally Delivered Concentrations.
Clin. Orthop. Relat. Res. 2011, 469, 3016–3021. [CrossRef] [PubMed]

46. Cunningham, B.; McLaren, A.C.; Pauken, C.; McLemore, R. Liposomal Formulation Increases Local Delivery of Amphotericin
from Bone Cement: A Pilot Study. Clin. Orthop. Relat. Res. 2012, 470, 2671–2676. [CrossRef]

47. Fagotti, L.; Tatka, J.; Salles, M.J.C.; Queiroz, M.C. Risk Factors and Treatment Options for Failure of a Two-Stage Exchange.
Curr. Rev. Musculoskelet. Med. 2018, 11, 420–427. [CrossRef] [PubMed]

142



antibiotics

Article

A New Antifungal-Loaded Sol-Gel Can Prevent
Candida albicans Prosthetic Joint Infection

Hugo Garlito-Díaz 1,2, Jaime Esteban 3,* , Aranzazu Mediero 4 , Rafael Alfredo Carias-Cálix 5 ,

Beatriz Toirac 6 , Francisca Mulero 7, Víctor Faus-Rodrigo 8, Antonia Jiménez-Morales 6,9 , Emilio Calvo 1,2

and John Jairo Aguilera-Correa 3,*

Citation: Garlito-Díaz, H.; Esteban, J.;

Mediero, A.; Carias-Cálix, R.A.;

Toirac, B.; Mulero, F.; Faus-Rodrigo, V.;

Jiménez-Morales, A.; Calvo, E.;

Aguilera-Correa, J.J. A New

Antifungal-Loaded Sol-Gel Can

Prevent Candida albicans Prosthetic

Joint Infection. Antibiotics 2021, 10,

711. https://doi.org/10.3390/

antibiotics10060711

Academic Editor: Marc Maresca

Received: 5 April 2021

Accepted: 9 June 2021

Published: 12 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Orthopaedic Surgery, Infanta Elena University Hospital, 28342 Valdemoro, Spain;
hugo.garlito@quironsalud.es (H.G.-D.); ecalvo@fjd.es (E.C.)

2 Department of Orthopaedic Surgery, Fundación Jiménez Diaz University Hospital, 28040 Madrid, Spain
3 Department of Clinical Microbiology, IIS-Fundación Jiménez Diaz, UAM, 28040 Madrid, Spain
4 Bone and Joint Research Unit, IIS-Fundación Jiménez Diaz, UAM, 28040 Madrid, Spain;

aranzazu.mediero@quironsalud.es
5 Pathology Department, Fundación Jiménez Diaz University Hospital, UAM, 28040 Madrid, Spain;

Rafael.carias@quironsalud.es
6 Materials Science and Engineering Department, University Carlos III of Madrid, 28040 Madrid, Spain;

btoirac@ing.uc3m.es (B.T.); toni@ing.uc3m.es (A.J.-M.)
7 Molecular Imaging Unit, Spanish National Cancer Research Centre (CNIO), 28040 Madrid, Spain;

fmulero@cnio.es
8 Experimental Surgery and Animal Research Service, IIS-Fundación Jiménez Diaz, UAM, 28040 Madrid, Spain;

victor.faus@quironsalud.es
9 Álvaro Alonso Barba Technological Institute of Chemistry and Materials, Carlos III University of Madrid,

28040 Madrid, Spain
* Correspondence: jesteban@fjd.es (J.E.); john.aguilera@fjd.es (J.J.A.-C.); Tel.: +34-91-550-4900 (J.E.)

Abstract: Fungal PJI is one of the most feared complications after arthroplasty. Although a rare
finding, its high associated morbidity and mortality makes it an important object of study. The
most frequent species causing fungal PJI is C. albicans. New technology to treat this type of PJI
involves organic–inorganic sol-gels loaded with antifungals, as proposed in this study, in which
anidulafungin is associated with organophosphates. This study aimed to evaluate the efficacy of an
anidulafungin-loaded organic–inorganic sol-gel in preventing prosthetic joint infection (PJI), caused
by Candida albicans using an in vivo murine model that evaluates many different variables. Fifty
percent (3/6) of mice in the C. albicans-infected, non-coated, chemical-polished (CP)-implant group
had positive culture and 100% of the animals in the C. albicans-infected, anidulafungin-loaded, sol-gel
coated (CP + A)-implant group had a negative culture (0/6) (p = 0.023). Taking the microbiology and
pathology results into account, 54.5% (6/11) of C. albicans-infected CP-implant mice were diagnosed
with a PJI, whilst only 9.1% (1/11) of C. albicans-infected CP + A-implant mice were PJI-positive
(p = 0.011). No differences were observed between the bone mineral content and bone mineral density
of noninfected CP and noninfected CP + A (p = 0.835, and p = 0.181, respectively). No histological
or histochemical differences were found in the tissue area occupied by the implant among CP and
CP + A. Only 2 of the 6 behavioural variables evaluated exhibited changes during the study: limping
and piloerection. In conclusion, the anidulafungin-loaded sol-gel coating showed an excellent
antifungal response in vivo and can prevent PJI due to C. albicans in this experimental model.

Keywords: sol-gel; anidulafungin; prosthetic joint infection; Candida albicans

1. Introduction

Osteoarthritis is one of the most common musculoskeletal diseases worldwide, and
is the most well-known cause of disability among elderly people [1]. The social and
economic burden of osteoarthritis-related loss of work is also high [2]. Joint replacement
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is a treatment approach that improves quality of life in many individuals worldwide.
Although already used routinely, prosthesis implantation is likely to continue to rise in
the coming years [3,4]. The primary cause of device failure is prosthetic joint infection
(PJI), a disease involving joint prosthesis and nearby tissue. Advances in the study of
the transmission, diagnosis, and treatment of PJI over the last 25 years have led to an
improvement in outcomes following this difficult complication. PJI occurs rarely (1–2% of
all cases), although its effects are often devastating due to the high associated morbidity
and substantial costs [2,5,6]. Additionally, the economic burden of PJI is expected to rise in
the coming years with increasing life expectancy and the resulting increase in the number
of patients undergoing arthroplasty replacements [7].

The most frequently isolated pathogens from PJI are Gram-positive bacteria, espe-
cially Staphylococcus species, and Gram-negative microorganisms. Nevertheless, other
microorganisms, such as fungi, can also cause PJI, particularly Candida species [8–13].
C. albicans is the most frequent pathogen isolated, followed by C. parapsilosis [10]. Most
fungal PJIs present with an insidious, chronic clinical course and are associated with risk
factors such as advanced age, previous infection with Candida, prior antimicrobial use,
multiple surgeries on the joint, immunosuppression, and diabetes [10,14–16]. Despite
being a rare infection (<1%), up to a quarter of cases can progress to candidemia, which
carries an associated mortality of up to 40% [17]. This type of PJI poses a challenge for
clinicians and requires a multidisciplinary approach, including systemic antibiotics, local
therapies, and surgery [18–20]. The systemic and prophylactic treatment of PJIs may be
ineffective, as antimicrobials are incapable of reaching the prosthesis–tissue interface due
to the continued presence of necrotic and/or avascular tissue after surgery [21].

To address this problem, local antibiotic therapy was proposed as an alternative
and/or adjuvant to systemic prophylaxis or treatment, preventing systemic toxicity and
favouring drug release directly within the implant site [22]. Organic–inorganic sol-gels
loaded with antifungals were used in this approach. Recently, the incorporation of
organophosphate [tris(trimethylsilyl) phosphite] in this sol-gel, made of two silanes (3-
methacryloxypropyl trimethoxysilane and 2-tetramethyl orthosilicate), has been shown to
enhance the adhesion of sol-gel on metallic surfaces and increase cell proliferation [23]. Re-
cently, some studies have reported the excellent biosafety and bactericidal capacity of these
materials, showing that they completely inhibit the formation of biofilm by S. epidermidis
in venous catheters without deleterious procoagulant effects in the animal model [24].
Furthermore, new studies show that sol-gel coatings loaded with fluconazole can prevent
and locally treat yeast PJI, specifically those caused by the Candida species [25].

This study aimed to evaluate the efficacy of an anidulafungin-loaded, organic–inorganic
sol-gel in preventing PJI caused by C. albicans using an in vivo murine model.

2. Results

2.1. Animal Monitoring

The median weight of the mice over time by group is shown in Figure 1a,b. Only the
group of mice infected with C. albicans (Cal 35) after the insertion of an anidulafungin-
loaded, coated, chemically polished (CP + A) implant showed a significant increase in
weight of 44.23 mg per day (p = 0.0189). The weight of the remaining groups showed no
change over time (p > 0.05).

Only two of the six behavioural variables evaluated exhibited changes during the
study: limping and piloerection. In the groups with uncoated CP implants, limping
decreased significantly over time in both noninfected and Cal35-infected groups (p = 0.025,
and p = 0.026, respectively). The slope of the limping was higher in the Cal35-infected group
than in the noninfected one: −0.6694% per day versus −0.5198% per day, respectively
(Figure 1c). In both groups of mice with a CP + A implant, limping stayed constant over
time (p > 0.05) (Figure 1d).
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Figure 1. Median weight (a,b), limping (c,d), piloerection (e,f), and survival (g,h) in different noninfected groups (black)
and in the Cal 35-infected group (red) with insertion of CP (left column) and CP + A implant (right column) over time.
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In the groups of animals with CP implants, only the noninfected group showed a
significant decrease in piloerection over time (p = 0.031), with a slope of −0.8635% per day
(Figure 1e). In the mice with an inserted CP + A-implant, piloerection stayed constant over
time in both groups (Figure 1f).

Survival was significantly lower in the Cal35-infected group with CP implants than in
the noninfected group as of day 19 (p = 0.002) (Figure 1g). Only one mouse (9.1%) in the
Cal35-infected group with CP implants died of candidemia (Figure 2). Only one mouse
in the Cal35-infected group with CP + A implants died because of a Cytomegalovirus
infection (Figure 3); for this reason, this mouse was withdrawn from the survival analysis.
Taking this into account, no survival differences were detected between CP + A-implants
group and Cal35-infected mice with the CP + A-implants group (Figure 1h).

Figure 2. Histological section of the kidney of a mouse belonging to the Cal35-infected CP-implant group that died of
candidemia (a) and histological sections at higher magnifications in haematoxylin and eosin staining (b) and Groccot’s stain
(c,d). Black, blue, and red bars represent 2 mm, 50 μm, and 20 μm, respectively.
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Figure 3. Histological section of the liver of a mouse of the CP Cal35 group that died of CMV infec-
tion (a) and histological sections with a greater increase in H&E (b,c) and Groccot’s silver stain (d,e).
Black, blue, and red bars represent 2 mm, 50 μm, and 20 μm, respectively. The liver of the animal
showed parenchyma with foci of necrosis and a polymorphonuclear-type inflammatory infiltration
accompanied by occasional Grocott-positive intracellular inclusions inside some hepatocytes, which
was compatible with a cytomegalovirus infection. An acute necrotising inflammatory reaction was
detected around the central veins.

2.2. Microbiological and Pathological Results

The femur culture of the noninfected groups was negative for all of mice. Three of
the 11 stamps from Cal35-infected CP-implant mice revealed the presence of yeast in the
synovial fluid on Gram staining (Figure 4). All of the stamps from the Cal35-infected mice
with CP + A-implants were negative. Each Cal-35-infected group composed of 11 mice was
divided into two subgroups: six animals were used for microbiological studies and five for
pathological studies.
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Figure 4. Cytological image of a Gram stain showing a macrophage (a,b) phagocytizing multiple
yeasts (red arrows), and a myocyte (c).

Fifty percent (3/6; 95%CI: 0.099–0.900) of mice in the Cal 35-infected group of mice
with CP implants had positive culture, whilst 100% of the Cal 35-infected animals with
CP + A-implants had a negative culture (0/6) (p = 0.023). No statistically significant differ-
ence was observed in the quantity of yeast per gram of femur between the 2 Cal35-infected
groups (p = 0.091) (Figure 5). The mouse that died in the Cal35-infected group with CP
implants had granulomas in both kidneys and a concentration of 4.02 log10 (colony-forming
units per femur, CFU/femur) on the outside of the operated femur, 5.51 log10(CFU/g) in
the operated femur, 5.47 log10(CFU/g) in the kidney, and 25.5 CFU/cm2 of the implant
surface. The renal parenchyma showed extensive Grocott-positive fungal involvement
accompanied by intense acute polymorphonuclear-type inflammation, which presented a
patchy distribution pattern affecting both the renal cortex and medulla and the pyelocaliceal
system (Figure 2).

Figure 5. Quantity of yeast per gram of femur from each group of mice.

In the Cal35-infected group with CP implants, acute osteomyelitis was observed in four
of the five femurs (Figure 6a); no chronic osteomyelitis was diagnosed, and the presence of
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yeast was also detected in four of the five femurs on Grocott’s silver staining (Figure 6b). In
the Cal35-infected group with CP + A-implants, acute osteomyelitis was observed in two of
the five femurs (Figure 6c,d), chronic osteomyelitis was diagnosed in two of the five femurs,
and presence of yeast was detected in only one of the five femurs following Grocott´s silver
staining; the latter also showed the presence of acute osteomyelitis. Only one mouse (9.1%)
in the noninfected group of animals with a CP + A-implant died (Figure 3). The deceased
mouse from this group showed signs of having had diarrhoea, enteritis, and hepatomegaly.
Furthermore, when the operated femur, both kidneys, and a piece of the liver were sent
for microbiological study, no growth in aerobic or facultative anaerobic bacteria or fungi
was detected.

Figure 6. Histological images with H&E stain (a,c) and Grocott’s stain (b,d) of Cal-35–infected
mice with implant without CP coating (a,b) and mice infected with implant and anidulafungin
coating CP + A (c,d). The black, green, blue, and red bars represent 2 mm, 200 μm, 50 μm, and
20 μm, respectively.

Taking both the microbiology results and pathology results into account, 54.5% of
the Cal35-infected mice with CP implants were diagnosed with a PJI, whilst only 9.1%
of the Cal35-infected mice with CP + A-implants were PJI-positive. Therefore, the PJI
positivity was significantly higher in the Cal35-infected CP-implant group than in the
Cal-35 CP + A-implant group (p = 0.011).

The presence of round or ovoid structures accompanied by signs of germination was
noteworthy, as was as the presence of other septate structures corresponding to pseudo-
hyphae and hyphae, visible with Grocott’s stain. No other infectious agents were observed
in the samples studied.

2.3. Microcomputed Tomography and Bone Histology

No differences were observed between the bone mineral content (BMC) and bone
mineral density (BMD) of the groups of mice with CP- and CP + A-implants (p = 0.835,
and p = 0.181, respectively). The BMD results were perfectly comparable as there were no
differences in BMC between the compared groups (Figure 7).
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Figure 7. Bone mineral content (BMC) (a) and bone mineral density (BMD) (b) and their three-
dimensional reconstructions of a representative sample of the CP group (c) and CP + A group (d).

Hematoxilin-eosin staining showed no differences in tissue in the area occupied by
the implant among the mice with CP- and CP + A-implants. When bone markers were
analysed in the defect area, no changes were observed among the different animals, in
alkaline phosphatase (ALP) staining, Cathepsin K or cluster of differentiation 68 (CD68)
(Figure 8).

Figure 8. Immunohistochemistry for markers of different bone cells. Long bones were processed and immunohistology
staining was carried out. Representative images stained for haematoxylin-eosin (H&E), tartrate-resistant acid phosphatase
(TRAP) staining, cathepsin K (cath. K), alkaline phosphatase (ALP), and macrophages (cluster of differentiation 68, CD68).
H&E images were taken at 4× magnification. All immunostaining images were taken at 10× magnification.
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The viable medullary zones are of a habitual trilinear aspect and were arranged in the
peripheral ends of the bone (epiphysis).

3. Discussion

In this study, we demonstrate the in vivo efficacy of anidulafungin-loaded sol-gel to
prevent PJI caused by C. albicans using a murine model. We describe a novel approach
to sol-gel technology applied to Ti materials using anidulafungin to locally prevent the
development of yeast biofilms.

The most frequent clinical manifestations of PJI are pain, joint swelling or effusion,
erythema or warmth around the joint, fever, drainage, and the presence of a sinus tract
connecting to the prosthesis [2]. In our in vivo model, joint pain was evaluated by mon-
itoring mice weight, limping, and piloerection. Weight remained constant over time in
all groups, except the Cal35-infected CP + A-implant group, where the mice increased
in weight over time. This discrepancy in weight is uncertain, but it could be attributed
to the effect of dexamethasone, which has been shown to both increase [26] and reduce
mouse weight [27,28]. Moreover, it is known that enrofloxacin does not impede weight
gain [29]. Infection seems to decrease limping more significantly, as can be seen in the
CP-implant groups. C. albicans-caused infections were characterised by a chronic, indo-
lent, and relapsing course [10–12]. This indolent course may be the result of the release
of neutrophil extracellular traps (NETs) triggered by farnesol, a crucial quorum-sensing
molecule of C. albicans [13]. The accumulation of NETs can reduce inflammation through
the degeneration of cytokines and chemokines [14]. This could explain why C. albicans-
infected CP-implant mice stopped limping before the noninfected CP-implant animals. In
the CP + A-implant groups, limping decreased faster in C. albicans-infected mice compared
to noninfected mice. This finding is uncertain but could be attributed to the indolent course
provoked by the presence of C. albicans on the implant, although these yeasts are not viable.
Piloerection did not show a clear difference between noninfected and Cal35-infected mice in
non-coated or coated implants over time, contrasting with other bacterial PJI in vivo mod-
els [30]. The survival of our animal model varied according to the group. One of 11 mice
from the Cal35-infected CP-implant group died as a result of renal “fungus balls” caused by
C. albicans infection [18,19]. These balls are most likely the result of haematogenous seeding
from septic arthritis of the knee joint [20]. This highlights the high mortality associated
with candidemia derived from Candida bone and joint diseases [21,22,31]. However, these
results must be interpreted cautiously, particularly when there is a difference of only one
individual. Likewise, one of the 11 mice from the noninfected CP + A-implant group
perished due to an acute hepato-digestive infection caused by mouse cytomegalovirus.
This virus can be latent in different organs (e.g., liver) in immunocompetent mice, and
cause acute infection in immunodeficient ones [32]. Furthermore, this virus can be detected
as Grocott-positive intranuclear inclusions in pathological samples [33].

The microbiological and histological results obtained in this study revealed the dif-
ficulty of inducing this type of infection despite having used two of the most important
pharmacological risk factors, i.e., immunosuppression [34] and broad-spectrum antibiotic
therapy [35]. This fact could underline the importance of other risk factors, such as systemic
disease, diabetes mellitus, revision arthroplasty, type of prosthesis (monoblock or modular),
and type of fixation (uncemented, cemented, hybrid, or with plain or antibiotic-loaded ce-
ment) [27–29,31,34]. The most important finding of this work is that anidulafungin-loaded
sol-gel coating, when applied to orthopaedic implants, can prevent Candida PJI in an
in vivo model. Interestingly, some kind of osteomyelitis was detected in three mice, though
no presence of yeast was observed. This finding may be due to both the presence of dead
yeast killed by anidulafungin and the inhibition of yeast phagocytosis that dexamethasone
therapy exerts on phagocytes [36], thereby explaining the inflammation in absence of
yeast proliferation. Our results are consistent with other previously published in vitro
studies [25]. Moreover, anidulafungin-loaded coating had a non-harmful effect on bone
mineralisation according to the microcomputed tomographic images, and no changes in
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bone markers were found among groups, thus supporting the results obtained in previous
research, based on sol-gel processes [30]. Hence, the fixation of an anidulafungin-loaded
sol-gel coated implant is likely to be at least as effective as an uncoated implant.

In recent years, several types of coating have been presented for clinical use: natural,
peptide, ceramic, and synthetic coatings [37,38]. Most were designed for osteointegration
and antibacterial purposes [30,39–42]. To our knowledge, few studies have developed these
coatings to be loaded with antifungals associated with sol-gel technology, as proposed
in this work [25]. As fungal PJI prediction is difficult, the use of anidulafungin-loaded
sol-gel may be recommended in those patients who have risk factors for developing fungal
PJI [35]. This would reduce the personal and healthcare costs associated with this type of
infection and its relapses following delayed reimplantation arthroplasty after a follow-up
of more than 50 months [43].

However, this study is not exempt from limitations. Firstly, the form of implant infec-
tion may have reduced yeast viability on anidulafungin-loaded sol-gel before implantation.
No alternative form of infection was possible according to the results obtained in pilot
studies (data not shown). Secondly, the results would be more robust with an equal number
of samples allocated for microbiological and pathological analyses, although our number of
specimens is nearly double that of similar, recently published studies [30]. This unexpected
limitation stems from the low infectivity shown by C. albicans (approximately 50%), as
evidenced in this study. Thirdly, this type of technology can carry other antifungals, e.g.,
fluconazole [22], which provides it with an antifungal ability against both C. albicans and
some non-C. albicans species, and which should be evaluated using in vivo models for pre-
ventive use in some special cases. Fourthly, the death caused by cytomegalovirus suggests
that this animal model should be replicated in an Animal Biosafety Level-2 facility, where
moderately immunosuppressed animals are less exposed to environmental pathogens.

4. Materials and Methods

4.1. Sol-Gel Synthesis and Coating of Titanium Implants

The Ti-6Al-4V implants were made from 0.6-mm thick Kirschner wires provided by
Depuy Synthes (Johnson & Johnson, New Brunswick, NJ, USA). Each wire was cut into
implants measuring 1 cm in length. Subsequently, these were chemically polished (CP), as
previously described [44], to achieve a surface finish more closely resembling that used in
routine clinical practice.

Hybrid organic–inorganic sol-gel coatings composed of a mixture of organopolysylox-
anes, including methacryloxypropyltrimethoxy silane (MAPTMS, 98%, Acros Organics,
Thermo Fisher Scientific, Waltham, MA, USA) and tetramethyl orthosilane (TMOS, 98%,
Acros Organics, Thermo Fisher Scientific, Waltham, MA, USA) and biofunctionalised
with tris(trimethylsilyl)phosphite (92%, Sigma-Aldrich, St. Louis, MO, USA) were pre-
pared following a previously published methodology [23]. The coating was loaded with
0.99 mg/mL of anidulafungin (Pfizer, New York, NY, USA) by adding the drug to the
aqueous phase during its preparation [22]. Finally, the Ti-6Al-4V implants for the in vivo
model were coated by dipping them in anidulafungin and allowing them to dry for at least
1 h at 60 ◦C (CP + A).

4.2. Animal Surgical Model and Monitoring

We used one clinical strain isolated in the clinical microbiology department of Fun-
dación Jiménez Díaz University Hospital: a strain of C. albicans from an 81-year-old woman
with infection of a hip prosthesis (Cal35). The antifungal susceptibility profile of Cal35
was obtained by the Vitek 2 AST-YS08 yeast susceptibility test (bioMérieux, Marcy l’Etoile,
France). Cal35 was susceptible to all antifungals tested, i.e., amphotericin B (≤0.25 μg/mL),
caspofungin (≤0.25 μg/mL), flucytosine (≤1 μg/mL), fluconazole (2 μg/mL), micafungin
(≤0.06 μg/mL), and voriconazole (≤0.12 μg/mL). Surgical intervention of the in vivo
model was based on a modified model previously described by Aguilera-Correa et al. [30].
The intervention consisted of placing the implant into the right femur of RjOrl:SWISS
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(CD1) mice (Janvier Labs, France) through the knee using an aseptic surgical technique
(Figures 9 and 10). Two main modifications were made. Firstly, all mice were premedicated
with 4 mg/L of dexamethasone [45] (B.Braun, Melsungen, Germany) and 0.1 mg/L of
enrofloxacin (ganadexil 5%, Industrial Veterinaria, S.A.—Invesa, Spain) [46] in sterile drink-
ing water one week before surgery and for the entire duration of the study. Secondly, the
implant infection procedure consisted of incubating 1 mL of a 2.00 McFarland standard of
Cal-35 strain in saline (B.Braun, Melsungen, Germany) with each implant in a 12-well plate
at 37 ◦C and 5% CO2 for 120 min. After incubation, each implant was rinsed two times
in saline. This form of implant infection aims to adhere the yeast to the surface of the
implant, due to the impossibility of injecting planktonic yeasts into the femur. In pilot
studies conducted prior to this, in vivo model animals infected by planktonic yeasts in the
femur before implantation of the prosthesis died from Candida infections associated with
the liver, kidneys, or lungs (data not shown).

Figure 9. Surgical procedure: inhaled anaesthesia and shaving of the limb (a), antiseptic washing and isolation of the
surgical field (b,c), skin dissection and exposure of the bony entry point (d), retrograde introduction of the biomaterial into
the femur of the mouse (e), suture and cleaning of the surgical wound (f,g), awakening and care of the animal (h).

Sixteen-week-old male mice with femoral implants were randomly distributed into
four groups: one group with a CP implant without infection (CP group, n = 11), a group
with a CP implant with infection induced by Cal35 (CP Cal35 group, n = 11), the third with
a CP implant coated with anidulafungin-loaded sol-gel without infection (CP + A group,
n = 11), and the fourth with a CP implant coated with anidulafungin-loaded sol-gel with
infection induced by Cal35 (CP + A Cal35 group, n = 11). The sample size was estimated by
Wilcoxon Mann–Whitney test and an a priori type of power analysis, considering d = 1.5,
α = 0.05, (1-β) = 0.95, allocation ratio = 1 by using G*Power 3.1.9.7 software [47]. The d
parameter is based on the assumption that the anidulafungin-loaded coating is able to
reduce the yeast concentration by at least 80% per gram of bone when compared to the
uncoated implant group. The statistical power of the sample was 0.9522. All the animals
were included in the study and there were no exclusions.
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Figure 10. Fluoroscopy of a mouse with an implant placed in the femur.

We assessed the pain-stress and weight of each animal every 48 h on weekdays to
ensure physical status. Evaluation of pain/stress was based on the presence or absence
of six directly related behaviours in this species for the surgical procedure the animals
underwent, i.e., limping, piloerection, lack of grooming, wound presence, passivity, and
aggressiveness. In cases of sustained weight loss over time, the most appropriate refinement
measures were taken to encourage the animal to eat. For this, they were offered an
additional mixture of grains and vegetables (Vitakraft, Bremen, Germany). Five weeks
(35 days) after surgery, all the animals were euthanised using hypercapnia. The right femur
of each animal was then removed following sterile preparation of the knee, and the samples
were sent for analysis. In case of the pre-euthanasia death of one of the mice in any group,
the operated femur was alternatively used for microbiological or pathological studies.

4.3. Microbiological and Pathological Studies

After euthanasia and previous extraction of the femurs from Cal35-infected mice, joint
fluid samples were taken using sterile swabs, and this fluid was used to make stamps on
a slide for Gram staining. The 11 mice in the Cal-35-infected group were divided into
two subgroups: 6 animals were used for microbiological studies and 5 for pathological
studies. Three femurs from each noninfected group were used for microbiological studies.

Extracted bones were processed according to the methodology previously described
by Aguilera-Correa et al. [30]. Briefly, using a hammer, each femur was divided into
two samples in a sterile bag: (1) bone and adnexa and (2) implant. The bone was immersed
in 2 mL of saline and sonicated using a sonicator at 22 ◦C for 5 min [48]. The resulting
sonicate was diluted in a 10-fold dilution bank and seeded on chloramphenicol-gentamicin
Sabouraud agar (bioMérieux, Marcy l’Etoile, France) using the plaque extension method,
which consists of seeding 100 μL/plate of each dilution. The concentration of yeasts was
estimated as CFU/g of bone and adnexa. The implant was sonicated in 2 mL of saline for
5 min to release the adhered yeast biofilm and to estimate biofilm concentration, measured
as CFU/cm2 of the implant. All plates were checked at 48 and 72 h.

The five femurs obtained from the Cal35-infected group were fixed in 4% paraformalde-
hyde for 48 h, decalcified in 10% ethylenediaminetetraacetic acid (EDTA) for 4 weeks,
paraffin-infiltrated, and stained with haematoxylin-eosin. The presence of some necrotic
trabecular bone and some repair areas, fibrosis, and adipose replacement of the bone
marrow were identified and recorded. The presence of yeast was determined by using
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Grocott’s silver stain [49]. The presence/absence of round or ovoid structures, with or
without signs of germination, was recorded.

Histopathological definitions were as follows:

• Acute osteomyelitis was defined as bone tissue evidencing moderate-to-high–intensity
polymorphonuclear (PMN) inflammatory response with tissue necrosis phenomena
and trapping of trabecular bone remains;

• Chronic osteomyelitis was defined as bone tissue that presents a variable inflamma-
tory reaction, partially consisting of a PMN response, but mainly of plasma cells
and lymphocytes;

• PJI was diagnosed when any type of osteomyelitis and the presence of yeast were evidenced.

4.4. Microcomputed Tomography

Eight bone samples from each noninfected group included in the aforementioned
model were fixed in 10% formaldehyde for 48 h at 4 ◦C. After fixation, the samples were
dehydrated in 96% ethanol for 48 h, changing the ethanol every 24 h, and in 100% ethanol
for 48 h, changing the ethanol every 24 h. Hind legs were removed and fixed in 10% neutral
buffered formalin. Before CT scanning, the paws were washed with running water for
15 min. Three-dimensional microcomputed tomographic imaging was performed with a
CompaCT scanner (SEDECAL Madrid, Spain). Data were acquired with 720 projections by
360◦ scan, the integration time of 100 ms with three frames, a photon energy of 50 KeV, and
current of 100 uA. The duration of imaging time was 20 min per scan. Three-dimensional
renderings of images of hind paws were generated through original volumetric recon-
structed images by MicroView software (GE Healthcare, Boston, MA, USA). Comparable
regions of interest consisting of three metatarsal joints from each mouse were selected for
analysis. Bone volume (BV), bone mass (BM), BMD (calculated as BM/BV mg/cm3), and
mean cortical thickness (mm) were quantified from micro-CT scans using GE MicroView
software v2.2.

4.5. Immunohistochemistry

Five out of eight femurs used for microcomputed tomography from each group were
decalcified in 10% EDTA for 4 weeks, paraffin-infiltrated, and stained with haematoxylin-
eosin. In the noninfected groups, implants were removed and transversal sections in
the knee condyles (5 μm) were made. Immunohistochemical analysis was carried out
as previously described [50]. Briefly, sections were incubated with proteinase K Solution
(20 μg/mL in Tris-EDTA Buffer, pH 8.0) for 15 min in a water bath at 37 ◦C for antigen
retrieval after deparaffinisation and re-hydration. The blocking of nonspecific binding
was performed with phosphate buffer saline (PBS), 3% bovine serum albumin (BSA) and
0.1% Triton X-100 for 1 h, and the primary antibodies anti-cathepsin K (1:25), cluster of
differentiation 68 (CD68) (1:200), and alkaline phosphatase (ALP) 1:200 (all antibodies from
Santa Cruz Biotechnology, Santa Cruz, CA, USA) were incubated overnight at 4 ◦C in a
humidifying chamber. The secondary antibodies goat anti-rabbit-fluorescein isothiocyanate
(FITC) (1:200) and goat anti-mouse FITC (1:200) (Invitrogen, Life Technologies, Carlsbad,
CA, USA) were incubated for 1 h in the dark. Slides were mounted with Fluoroshield with
4′,6-diamidino-2-fenilindol (DAPI) mounting media (Sigma-Aldrich, St. Louis, MO, USA).
Images were taken with the iScan Coreo Au scanner (Ventana Medical Systems, Roche
Diagnostics, Basel, Switzerland) and visualised with Image Viewer v.3.1 software (Ventana
Medical Systems, Roche Diagnostics, Basel, Switzerland). Images were taken at 4× or
10× magnification.

4.6. Statistical Analysis

The primary hypotheses were such that the anidulafungin-loaded sol-gel would
prevent C. albicans PJI and that the anidulafungin-loaded sol-gel can be used without
altering bone metabolism at any level. The secondary hypothesis was that the effect of
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anidulafungin-loaded sol-gel in preventing PJI could be evaluated by animal monitoring
before euthanasia.

Statistical analyses were performed using Stata Statistical Software, Release 11 (Stata-
Corp, College Station, TX, USA). Data were evaluated using a one-sided Wilcoxon non-
parametric test to compare 2 groups or a one-sided proportion comparison Z-test. A
log-rank test was used to perform a pairwise comparison of the Kaplan–Meier survival
curves of two groups. Statistical significance was set at p ≤ 0.05. Body weight was evaluated
over time using a linear regression model. Microbiological results and weight values are
represented as median and interquartile range. Other behavioural variables are represented
as relative frequencies at each time point.

5. Conclusions

In conclusion, anidulafungin-loaded sol-gel can prevent PJI caused by C. albicans
without compromising bone integrity.

6. Patents

The sol-gel used in this study is one of the products protected by the Spanish patent
system with Publication Number 2686890, applied for 19 April 2017, and entitled Procedure
for Obtaining a Sol-Gel Coating, Composition Coating and Use of the Same.
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Abstract: Objectives: To assess the effect on the functional ambulatory outcome of postoperative joint
infection (PJI) cured at the first treatment attempt versus not developing PJI in patients with hip and
knee prostheses. Methods: In a single-hospital retrospectively matched cohort study, each patient
with PJI between 2007 and 2016 was matched on age, sex, type of prosthesis and year of implantation
with two other patients with uninfected arthroplasties. The definition of a PJI cure included infection
eradication, no further surgical procedures, no PJI-related mortality and no suppressive antibiotics.
Functional ambulatory status evaluated one year after the last surgery was classified into four simple
categories: able to walk without assistance, able to walk with one crutch, able to walk with two
crutches, and unable to walk. Patients with total hip arthroplasties (THAs), total knee arthroplasties
(TKAs) and partial hip arthroplasties (PHAs) were analysed separately. Results: A total of 109 PJI
patients (38 TKA, 41 THA, 30 PHA) and 218 non-PJI patients were included. In a model adjusted for
clinically relevant variables, PJI was associated with a higher risk of needing an assistive device for
ambulation (vs. walking without aid) among THA (adjusted odds ratio (OR) 3.10, 95% confidence
interval (95% CI) 1.26–7.57; p = 0.014) and TKA patients (OR 5.40, 95% CI 2.12–13.67; p < 0.001), and
with requiring two crutches to walk or being unable to walk (vs. walking unaided or with one crutch)
among PHA patients (OR 3.05, 95% CI 1.01–9.20; p = 0.047). Conclusions: Ambulatory outcome in
patients with hip and knee prostheses with postoperative PJI is worse than in patients who do not
have PJI.

Keywords: prosthetic joint infection; arthroplasty infection; prosthetic joint infection functional
outcome; prosthetic joint infection ambulatory outcome
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1. Introduction

Hip and knee replacements are common and increasingly performed surgical procedures. The main
indications for total hip arthroplasty (THA) and total knee arthroplasty (TKA) are to relieve pain
and improve joint function in patients with advanced joint disease, while partial hip arthroplasties
(PHAs) are mostly indicated for restoring function in elderly patients with displaced femoral neck
fractures [1,2].

Prosthetic joint infection (PJI) is one of the most dreaded complications of these procedures.
Eradication of infection requires surgery and antimicrobial therapy [3–5]. Surgical strategies include
debridement with implant retention (DAIR) and prosthesis exchange. Cure at the first treatment
attempt is critical because each treatment failure worsens tissue damage and functional integrity [6].
On rare occasions, resection of the prosthesis, arthrodesis or amputation is performed to eradicate
infection but without restoring full function. Suppressive antibiotic therapy is an option that is not
intended to eradicate infection but can minimise symptoms and sometimes preserve function when it
is not possible to remove the prosthesis [7].

Unlike other infections, the goal of PJI treatment is not only to eradicate infection but also to relieve
pain and maintain joint function; it is not always possible to achieve all these goals [3,4,8]. While PJI
treatment success has been primarily defined as eradication of infection [9], few studies have analysed
functional outcome, despite this being the main aim of prosthesis implantation. In terms of functional
outcome, diverse results have been observed using different surgical procedures for PJI management as
compared with uninfected primary arthroplasties [10–14]. The question of whether a PJI cured at the
first therapeutic attempt, that is, in the best possible scenario, has a worse ambulatory outcome than an
uninfected prosthetic joint, has not been specifically addressed and remains unresolved. Our objective is
to assess the effect of postoperative PJI, as compared with not developing PJI, on functional ambulatory
outcome in patients with hip and knee prostheses.

2. Methods

2.1. Setting and Study Design

This study was conducted at the Hospital de la Santa Creu i Sant Pau, a tertiary university hospital
in Barcelona, Spain. Patients with PJI are treated by a multidisciplinary team, including medical and
surgical specialists.

We used a retrospectively matched cohort study to compare the functional ambulatory outcome
of hip and knee arthroplasty patients with (PJI cohort) or without (non-PJI cohort) postoperative PJI.

The Research Ethics Committee of our hospital approved the study.

2.2. Study Patients and Controls

Patients with the following criteria were included: (1) a diagnosis of postoperative PJI (excluding
haematogenous infections) between January 2007 and December 2016, (2) PJI treatment was intended
to eradicate the infection, and (3) the first planned treatment was successful. Since hematogenous PJIs
can occur at any time after the index surgery, it would be very difficult to find suitable comparable
patients with uninfected arthroplasties to match those with hematogenous PJIs occurring at very
different times after prosthesis implantation in order to evaluate ambulatory outcome; for that reason,
patients with hematogenous infections were excluded.

Each PJI patient was matched with two control patients with arthroplasties implanted at our
institution, who had completed a minimum follow-up of 1 year after surgery without developing PJI.
Exact matching was performed on patient sex and age (within a 5-year age range), type of prosthesis
(THA, TKA or PHA), primary or revision arthroplasty and year of implantation. Controls for each case
were sought by considering all the following patients who underwent the same type of arthroplasty
implant; the first two patients who met all the remaining criteria were selected.

160



Antibiotics 2020, 9, 872

2.3. Definitions

The diagnosis of PJI was based on International Consensus Meeting for PJI criteria [15].
PJIs presenting within 1 month after surgery were classified as early postoperative infection [3].
When symptoms persisted for more than three weeks beyond one-month postintervention, the infection
was defined as chronic [3]. Choice of the optimal surgical strategy for each patient was based on
Zimmerli’s algorithm, endorsed by the Infectious Diseases Society of America [3,5]. Despite the
one-month postsurgery cut-off used to define chronic versus early PJI infection and the recommendation
to remove the prosthesis in cases of chronic PJI, DAIR was allowed up to 3 months after
prosthesis implantation, in accordance with Spanish guidelines and recent studies [4,16]. Mobile
antibiotic-impregnated cement spacers were used in patients treated with two-stage exchange
after removing the prosthesis. Infectious disease specialists selected and controlled antibiotic use.
The duration of antimicrobial treatment, based on the Spanish guidelines for the management of PJI,
typically ranged from 8 to 12 weeks following DAIR and 4–6 weeks after the first step of a two-stage
prosthesis exchange [4]. Infectious disease specialists and orthopaedists followed PJI patients for a
minimum of 2 years after ending antimicrobial therapy. Successful PJI treatment (“cure”) was defined
following a published consensus definition that included: (1) eradication of infection, characterised
by no clinical failure (healed wound without fistula or drainage and painless joint), and no infection
recurrence caused by the same organism strain, (2) no further surgical interventions due to infection
(other than the one initially planned to treat PJI), and (3) no death caused by a condition directly related
to PJI [9]. In addition, suppressive antibiotic therapy was considered a treatment failure. Only patients
with PJI cured at the first treatment attempt were included in the current study; the first treatment
attempt consisted of the first curative strategy utilised to treat the PJI and comprised a combination of
both an appropriate surgical procedure (including DAIR, a one or two-stage prosthesis exchange) and
antimicrobial therapy for a definite period of time; patients who required further surgery (such as spacer
exchange) or a new course of antimicrobials after the first one ended were excluded. Treatment success
was evaluated a minimum of 1 year after ending antimicrobial treatment (for PJIs treated with DAIR
or a one-stage arthroplasty exchange) or after reimplantation surgery during a two-stage arthroplasty
exchange (with negative intraoperative culture samples).

Under the supervision of a physiotherapist, all patients started full bodyweight bearing ambulation
and physical therapy as soon as possible after surgery to facilitate recovery of function. Typically,
the rehabilitation program begins from the first postoperative day after TKA and THA implantation
(including new prostheses implanted in a one-step exchange or in the second stage of a two-step
exchange). After DAIR, inpatient rehabilitation is commonly delayed for a few days (postoperative
day 3–5), depending on wound evolution. Exercises to restore normal joint motion and strength are
initiated in the hospital and continued upon discharge.

The Charlson comorbidity score and the American Society of Anesthesiologists (ASA) physical
status classification system were used to evaluate baseline comorbidities and the patient’s general
health status, respectively [17,18].

2.4. Ambulatory Outcome

Functional ambulatory status was assessed 1 year after the last surgery. Due to the retrospective
nature of the study and the fact that the evaluation of patients with arthroplasties was performed by
different surgeons without a uniform scoring system, we classified the patient’s ambulatory outcome
in 4 simple categories: (1) able to ambulate without an assistive device, (2) able to walk with one
crutch/stick, (3) able to walk with two crutches/sticks and (4) unable to walk. These categories were
relative to the patient’s normal outdoor ambulation capacity. Patients with TKA, THA, and PHA were
analysed separately.
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2.5. Statistical Analysis

Continuous variables were summarised as means and standard deviations and categorical
variables as percentages relative to the total sample. We used the Wilcoxon and chi-square tests (or
Fisher’s exact tests when appropriate) to compare group differences for continuous and categorical
variables, respectively. To evaluate whether PJI was an independent factor associated with a worse
functional ambulatory outcome, any variable with a p-value less than 0.25 in univariate analysis,
together with all clinically relevant variables, were included as covariates in an adjusted logistic
regression model [19,20]. P-values of <0.05 were considered to be significant for all statistical tests.
Data were analysed using IBM® SPSS®, version 26.0.

3. Results

3.1. Characteristics of Patients with Prosthetic Joint Infection

A total of 109 patients with postoperative PJI were included: 38 with TKA, 41 with THA, and 30
with PHA. As shown in Table 1, PHA patients were older and more frequently female than TKA and
THA patients, who otherwise had similar demographic characteristics. Although most of the patients
had early PJI, the percentage was higher in those with PHA. The commonest cause of infection was
staphylococci (53.2%) followed by enterobacteria (25.7%). A total of 83 PJIs were treated with DAIR: 81
within the first month after joint replacement surgery (included as “early postoperative infections” in
Table 1) and 2 in the second month after index surgery (included as “late chronic infections” in Table 1,
in accordance with the above definitions of early and chronic PJIs). Prosthetic exchange was performed
on 26 PJI patients (19 two-stage exchanges), 23 of them with chronic infections.

3.2. Patients with Infected versus Uninfected Hip and Knee Arthroplasties

Table 2 compares the characteristics and ambulatory outcomes of 109 patients with PJI (cases) and
218 patients without PJI (controls). Patients with PHA (both cases and controls) had more baseline
comorbidities and a worse general medical status than those with TKA and THA. In addition, PHA
was typically performed to treat hip fractures, whereas total knee and hip replacements were mostly
performed for osteoarthritis. Because of these and other well-known differences between patients with
PHA and those with THA [21–24], we analysed them in two separate groups. A detailed comparison of
patients with infected versus uninfected TKA, THA and PHA is provided in Table 2. Within each group,
patients with and without PJI showed no differences with respect to comorbidity burden and baseline
health status, as measured by the Charlson and ASA scores. The indications for joint replacement in PJI
and non-PJI patients were similar in the three groups, except for fractures and dislocations, which were
more frequent in PJI patients in the THA group (all of these occurred in 7 patients with infected THAs).
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3.3. Functional Ambulatory Outcomes

Table 2 and Figure 1 show the functional ambulatory status of patients with and without PJI in
univariate analysis.

  
(A) (B) 

 
(C) 

Figure 1. Functional ambulatory outcome in patients with total hip arthroplasty (A), patients with total
knee arthroplasty (B), and patients with partial hip arthroplasty (C) with or without postoperative
prosthetic joint infection. Total hip arthroplasty (THA), total knee arthroplasty (TKA) and PJI denote
total hip arthroplasty, total knee arthroplasty and prosthetic joint infection, respectively. Statistically
significant differences are marked with an asterisk (*).

Most TKA and THA patients (both with and without PJI) were able to walk unaided, but this was
significantly more common in non-PJI patients in both the TKA and the THA group; otherwise, patients
with TKA and PJI were almost twice as likely to require one or two crutches to walk (42.1% vs. 22.4%,
p = 0.028), while patients with infected THAs were more than twice as likely to require an assistive
device in order to walk than those with uninfected THAs (63.4% vs. 25.6%, p < 0.001). With respect to
the matched pairs of TKA patients, in which those with PJI were treated with DAIR, differences in
walking capacity between PJI and non-PJI patients remained, with non-PJI patients being more often
able to walk unaided (79.6%% vs. 59.3, p = 0.052) or to walk without assistance or with one crutch
(98.1% vs. 85.2%, p = 0.040). Regarding matched pairs of THA patients in which PJI patients were
treated with DAIR, those with uninfected THAs were significantly more likely to ambulate unaided
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(77.6% vs. 44.8%, p = 0.002). Patients with infected TKAs and THAs treated with prosthesis exchange
were more likely to require crutches to walk than their matched pairs of patients with uninfected TKA
and THA, although these differences were statistically significant only in the THA group.

Most PHA patients (both with and without PJI) needed two crutches to ambulate. No statistically
significant differences were found between PJI and non-PJI patients in the four categories of ambulation
capacity, although PHA patients without PJI were more commonly able to walk without assistance
or with one crutch, while PJI patients more often required two crutches or were unable to walk
(p = 0.051). In PHA patients, we further compared their ambulatory ability with that prior to PHA
implantation, depending on whether or not they had postoperative PJI, and found no significant
differences (p = 0.965): (1) 11 (39.3%) PJI vs. 22 (38.6%) non-PJI patients were observed to have the
same walking ability as before; (2) walking ability decreased by one stage (e.g., from walking unaided
to requiring the help of one crutch) in 9 (32.2%) PJI vs. 11 (36.8%) non-PJI patients; (3) walking ability
decreased by two stages in 6 (21.4%) PJI vs. 10 (17.5%) non-PJI patients; (4) a three-stage deterioration
was observed in 2 (7.1%) PJI vs. 4 (7%) non-PJI patients.

In patients with TKAs, the adjusted model for clinically relevant variables identified the following
factors as being independently associated with a higher risk of needing an assistive device for
ambulation (vs. walking without aid): Charlson score ≥2 and PJI (Table 3). Similarly, in analyses of
THA patients, older age and PJI were independently associated with a worse ambulatory outcome,
defined as requiring an assistive device to walk (Table 4). Considering patients with total hip and
knee arthroplasties together, the adjusted model found that older age (odds ratio (OR) 1.07, confidence
interval (95% CI) 1.03–1.12), Charlson score ≥2 (OR 3.52, 95% CI 1.45–8.55) and PJI (OR 3.91, 95% CI
2.10–7.37) were risk factors for needing crutches to walk (vs. walking unaided). In the PHA patient
group, a worse functional status was defined as requiring two crutches to walk or being unable to
walk; in this group of patients, PJI was also identified as an independent factor associated with a worse
ambulatory outcome (Table 5). Since there was collinearity between the Charlson score and the ASA
classification system used to evaluate the baseline health status of patients, only one of these variables
was included in the final adjusted models (Tables 3–5).
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4. Discussion

In patients with hip and knee replacements, we found that having postoperative PJI —even if
successfully treated at the first attempt— was associated with a worse functional ambulatory outcome
when compared with not having PJI. Patients with total hip and knee prostheses with PJI more often
needed an assistive device to walk than patients without PJI. Patients with PHA and PJI were more
likely to need two crutches to walk or to be unable to walk than those without PJI.

Although restoring or improving joint function is one of the main goals of joint replacement
surgical procedures, few studies have evaluated the effect of PJI on the functional status of patients
with hip and knee prosthesis. The studies are heterogeneous, and most of them have important
methodological drawbacks that make it difficult to interpret the results. Furthermore, since there are
no specific measures to determine functional outcome after PJI [25], different studies have employed a
variety of measures, generally extrapolated from those used in total hip and knee arthroplasties. There
is also no gold standard outcome measure for arthroplasties [25], which makes it even more difficult to
interpret and compare the results of different reports.

Some studies without control groups have evaluated functional outcomes in patients with PJI
treated with specific surgical strategies. According to some of them, both DAIR [26] and one-stage
arthroplasty exchange [27] showed satisfactory functional results in patients with THA and PJI.
A comparison of one- and two-stage arthroplasty exchanges in infected THA patients found better
results with the single-stage exchange [28]. Other studies have assessed the functional outcomes
of arthroplasty exchanges performed for PJI (septic revision) compared with joint revision surgery
performed for noninfectious reasons (aseptic revision) in TKA and THA, with conflicting results. Thus,
the results of septic revision were reported to be mostly inferior [29–32] but also similar [33–36] and
even superior [37] to those of aseptic revision. The variety of indications for aseptic revision in different
studies could explain, at least in part, these contradictory results [32].

In recent years, a few studies have evaluated functional outcomes after using different surgical
procedures to treat PJI compared with uninfected primary THA and TKA. While some studies showed
similar results after PJIs successfully treated with DAIR, as compared with non-PJI patients [10–12,14],
another one found inferior outcomes in the former group [13]. Overall, the results were worse in
PJI patients treated with a two-stage arthroplasty exchange than in uninfected patients [11–13,38].
The main limitations of these studies were small sample sizes, functional outcomes evaluated at
different follow-up times in PJI and non-PJI patients, and failure to adjust for other variables.

We did not set out to compare the functional results of PJIs according to surgical treatment, since
surgical indication is based on algorithms, mainly determined by nonmodifiable circumstances such
as time after index arthroplasty [5,16]. Our aim was to assess the influence of PJIs on functional
ambulatory outcome in patients with hip and knee arthroplasties, even in the best possible scenario of
infections successfully treated at the first therapeutic attempt. This question has never specifically
been addressed or resolved. Our study demonstrated a worse ambulatory outcome in PJI than in
non-PJI patients one year after the last surgery and after adjusting for other relevant factors influencing
the outcome. Due to the well-known differences between patients with PHA and those with THA,
we evaluated TKA, THA and PHA groups separately. Although this reduced the statistical power of
the total sample size, we found that, in each group, PJI negatively affected the ambulatory outcome
of these patients. Furthermore, older age and worse baseline comorbidities were also found to be
associated with poorer ambulatory capacity in patients with infected total hip and knee arthroplasties,
as previously observed [10]. These factors did not reach the level of statistical significance in the group
of patients with PHA, although its smaller sample size limits the value of these results.

Our study has limitations. Firstly, it has the limitations intrinsic to the retrospective design of
the study, although it would be difficult and take a long time to find such a large number of patients
with PJI and apply the rigorous criteria required in the current investigation using a prospective
design. Due to the retrospective study design, we used a very simple scale for functional outcomes
focused on walking capacity. More sophisticated outcome measures using quantitative scoring systems
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have been used in previous studies, some of them specifically for total knee or hip arthroplasties [25].
Although they are a priori more appropriate and precise measures, they also have some disadvantages.
First, the heterogeneity of the measures used prevents comparison between studies; furthermore,
the clinical interpretation of quantitative measures is not always clear, and statistically significant
differences between quantitative measures may not have clinical relevance. Our simple scale of four
categories is clinically relevant and easily interpretable. Nevertheless, beyond ambulation capacity,
there are other dimensions that are also important when evaluating the results of elective total
joint arthroplasties, such as the patient’s quality of life, level of satisfaction and other organ-specific
measures [25], but these fall outside the scope of the present study. Furthermore, PJI is an important
psychosocial stressor for many patients, which could have influenced their ambulatory outcome,
although we could not assess this possibility [39]. Finally, preoperative walking capacity was often
not available in the records of patients undergoing total hip and knee arthroplasties, and we cannot,
therefore, completely exclude potential baseline differences between infected and noninfected patients.
Our study has several strengths. This study evaluating the effect of PJIs on the functional ambulatory
result of knee and hip arthroplasties has the largest number of patients. We also evaluated populations
that have not been included in previous studies, such as patients with PHA. Finally, our study
has overcome some of the methodological limitations of previous studies, making its conclusions
more robust.

The results of the present study demonstrate conclusively that having a PJI diminishes the
functional ambulatory result that implantation of a hip or knee prosthesis sets out to achieve. It is
important to keep this in mind when planning treatment for PJIs and to advise and inform the patient
accordingly. These results underscore the need to continue investing effort in the prevention of PJI.
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