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Abstract. No consensus exists about the techniques to use for microbiological diagnosis of bone and joint in-
fections (BJIs). The objective herein was to define an algorithm to optimize BJI diagnosis in adults using various
bacteriological methods on synovial fluid samples. This prospective multi-center study included 423 synovial
fluids collected from adult patients with suspected BJIs. Culture (using five solid media, an enrichment broth,
and blood culture bottles), universal 16S rRNA PCR followed by Sanger sequencing, and seven specific bacterial
PCRs were systematically performed. Combinations of methods were compared to arrive at the optimized algo-
rithm. Among 423 synovial fluids, 242 infections were diagnosed (57.2 %): 213 mono- and 29 poly-microbial
for a total of 284 bacteria (staphylococci at 54.6 %, streptococci—enterococci at 16.5 %, Gram-negative bacilli
at 15.5 %, anaerobic species at 8.8 %). Comparing culture techniques, blood culture bottles had the highest sen-
sitivity (67.6 % for pediatric and 63.9 % for anaerobic bottles) but are not sufficient alone and require being
combined with solid media. The 16S rDNA PCR detected only 52.3 % of the bacteria, whereas specific PCRs
had a higher sensitivity (Staphylococcus spp. at 66.2 %, S. aureus at 85.2 %, Streptococcus spp. at 91.2 %). Based
on these results, an algorithm was proposed associating three solid media; inoculation into blood culture bottles;
and 168, Staphylococcus spp., and Streptococcus spp. PCRs, which would have detected 90.5 % of bacteria in
the present cohort versus 79.2 % using all culture techniques on synovial fluid. This prospective study shows that
a combination of culture and molecular methods on synovial fluids allows the optimization of bacterial detection.
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1 Introduction

A precise microbiological diagnosis is crucial in bone and
joint infections (BJIs) to enhance the chance of success-
ful treatment (Lew and Waldvogel, 2004). This consists of
identifying the causative microorganisms and determining
the appropriate antibiotic therapy by performing antimicro-
bial susceptibility testing (AST) when possible (Tande and
Patel, 2014). Nevertheless, there is no consensus about the
techniques that should be used to optimize the detection of
pathogens responsible for BJIs.

Culture can be considered to be the gold standard for BJI
diagnosis; it allows AST to be performed (Osmon et al.,
2013). Based on literature, culture should be performed from
five osteoarticular samples, prolonged to 14 d, in aerobic and
anaerobic atmospheres using four to six media, combining
agar plates and liquid broths with early and/or late reading
(Schifer et al., 2008; Larsen et al., 2012). The multiplicity
of media and the long duration of incubation makes the mi-
crobiology monitoring of osteoarticular samples very com-
plex and expensive (Peel et al., 2017). However, regarding
synovial fluids (SFs), no exhaustive study has compared the
performance and the value of the various culture media used
or evaluated the possibility of improving the performance or
simplifying this process, in particular by combining classi-
cal culture with new techniques (Hughes et al., 2011; Bémer
et al., 2016). For instance, inoculation of SF or crushed os-
teoarticular biopsies in blood culture (BC) bottles seems to
be an interesting approach and could replace liquid broths
(Font-Vizcarra et al., 2010; Minassian et al., 2014; Peel et al.,
2016). Another approach would be the combination of cul-
ture and molecular methods. Molecular assays can be used
on osteoarticular samples to overcome the poor performance
of culture in the case of antimicrobial chemotherapy before
samples or in the case of fastidious or non-cultivable mi-
croorganisms (Levy et al., 2013). For this, two approaches
are possible; a broad-range (universal) PCR targeting 16S
ribosomal DNA followed by sequencing is useful to iden-
tify the causative microorganism irrespective of the bacte-
rial species involved, but methods using Sanger sequencing
are classically less sensitive than culture (Bémer et al., 2014;
Lallemand et al., 2016; Jacquier et al., 2019), while specific
PCR assays targeting particular bacteria are more sensitive,
but this restricts the diagnosis to the sought species (Chome-
ton et al., 2007; Levy et al., 2013).

In this context, studies are needed to evaluate the perfor-
mance of each available technique and to determine a deci-
sional algorithm in order to improve the diagnosis of BJIs
but also to reduce the costs and to standardize and simplify
the procedures. Herein we report the results of a prospec-
tive multi-center study, the objective of which was to pro-
vide an algorithm of the culture media to use and the sit-
uations in which molecular assays are useful. For this, we
compared the performance of a large panel of bacteriological
techniques (classical culture on different media, inoculation
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of SF in BC bottles, and systematic broad-range and specific
PCR assays).

2 Patients and methods

2.1 Study design and data collection

The PIRLA study (Protocole Inter-Régional Liquide Articu-
laire) was designed as a multi-center, prospective, observa-
tional study. Consecutive adult patients with SF punctures
and clinical signs suggesting acute or chronic BJI in two
French university hospitals (Hospices Civils de Lyon and
Centre Hospitalier Universitaire de Saint-Etienne) between
April 2011 and April 2014 were included. Suspicion of BJI
was based on the presence of evocative symptoms (pain,
fever, functional impotence, sinus tract, or joint effusion).
Case report forms (CRFs) were used to collect clinical data
for each patient: patient characteristics, surgical and infec-
tious history, presentation and site of infection, presence or
absence of foreign material (prosthesis, cements, osteosyn-
thesis), antibiotic treatment in the 15d before and after SF
collection, and microbiological results of other osteoarticu-
lar samples collected before or at the same time as the SF.

2.2 Microbiological methods

The SF sample was collected under sterile conditions, either
in operating rooms or at the patient’s bedside, and placed into
a sterile vial and an ethylenediaminetetraacetic acid (EDTA)
tube. SF was also inoculated into two BC bottles (pedi-
atric — PED and anaerobic — ANA) directly by the clinicians
(Bactec™ Peds Plus/F and Bactec™ Lytic/10 Anaerobic/F
from Becton Dickinson, Franklin Lakes, NJ, US, in Saint-
Etienne; BacT/ALERT™ PF and BacT/ALERT™ EN from
bioMérieux, La-Balme-les-Grottes, France, in Lyon; inocu-
lated volumes were not controlled, and suggested volumes
were at least 5mL per bottle). Samples were shipped to the
bacteriology laboratory of the respective hospitals at room
temperature within 4 h after collection.

BC bottles containing SF were incubated for 15 d. If found
to be positive, a Gram staining and a subculture were per-
formed on various plates according to the results of Gram
staining and the aerobic or anaerobic nature of the positive
bottle. Cultures and Gram coloration of SF samples in ster-
ile vials were performed following a standardized protocol.
Approximately 50 uL of SF were inoculated on a Columbia
sheep blood agar plate (BA), two PolyVitex chocolate agar
plates (CA), and two blood agar plates for anaerobic incu-
bation (BAana) and in a Schaedler anaerobic liquid broth
(SCH broth; all media from bioMérieux). All media were
incubated at 36 °C, with BA in an aerobic atmosphere, CA
plates in 5 % COy, and BAana plates in an anaerobic atmo-
sphere. BA and the first CA plates were incubated for 48 h
and read at 24 and 48 h; the first BAana plate was incubated
for 72 h; the second CA and BAana plates were incubated for
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10d. SCH broth was observed every day and sub-cultured, as
soon as it became cloudy, on two blood agar plates incubated
in 5% CO; and in an anaerobic atmosphere; if not cloudy,
broth was systematically sub-cultured on the 10th day on CA
and BAana plates incubated for 5d in 5 % CO; and anaero-
bic atmosphere, respectively. Isolated bacteria were identi-
fied according to standard laboratory procedures: VITEK 2
system or VITEK MS MALDI-TOF (bioMérieux) in Lyon
and MALDI Biotyper (Bruker Daltonics, Bremen, Germany)
in Saint-Etienne.

2.3 Molecular methods

SF samples were systematically tested using various bac-
terial PCRs in parallel with cultures: 16S rDNA PCR fol-
lowed by Sanger sequencing and seven specific PCRs target-
ing (i) Staphylococcus spp., (i) S. aureus, (iii) Streptococcus
spp., (iv) S. pneumoniae, (v) Kingella kingae, (vi) Borrelia
burgdorferi, and (vii) Cutibacterium acnes (Table Al in the
Appendix; in-house PCR assays except Borrelia).

SF samples were pre-treated with proteinase K for 3 h at
63 °C. DNA extraction was performed from 400 uL of SF
supernatant using the MagNA Pure Compact System (Roche
Diagnostics) in the Lyon laboratory and the easyMAG sys-
tem (bioMérieux) in the Saint-Etienne laboratory, as previ-
ously described (Chometon et al., 2007). In each PCR series,
we performed a negative control and an internal control by
PCR targeting human beta-globin to check the absence of
PCR inhibitors and validate the extraction efficiency.

Regarding 16S rDNA, Staphylococcus spp. and Strepto-
coccus spp. PCR assays, if positive, amplification products
were secondarily sequenced by means of the Sanger method,
and the sequences were compared to those of the Bioin-
formatics Bacteria Identification (BIBI) database. Sequence
similarities of > 98 % and > 96 % were used to define the
identification at the species level and at the genus level, re-
spectively. Uninterpretable results were considered to be neg-
ative because they were non-contributive with regard to diag-
nosis.

2.4 Analysis and interpretation of results

For each SF tested, the patient was classified as infected
or not infected according to the French 2022 national
recommendations (Référentiel en microbiologie médicale,
REMIC; Sect. S1 in the Supplement). Each microorgan-
ism detected by either culture and/or PCR was defined as
responsible for infection or contamination according to its
pathogenicity, the microbiological results of other bone sam-
ples, and the clinician’s decision to treat or not treat this bac-
terium. The sensitivity of each culture medium used and each
PCR performed was calculated overall and then by species,
genus, or family of bacteria. The specificity of PCR assays
was also determined. For polymicrobial infections, sensitiv-
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ity was calculated individually for each bacterium as not all
bacteria were always detected by all techniques used.

2.5 Statistical analysis and construction of the
diagnostic algorithm

The comparative performance of the different media or PCRs
was assessed in terms of detection rate using the Chi-squared
test. The significance threshold was set at 0.05. To determine
the algorithm allowing us to optimize bacterial detection, the
detection rate of several combinations of the different culture
media and PCRs used were compared with those obtained
using all the techniques combined.

3 Results

3.1 Population characteristics and sample collection

Among the 480 SF from adult patients identified, 57 were ex-
cluded because of a lack of written consent and/or a missing
CREF; a total of 423 samples from 332 patients were included.
There were 256 patients who had only one SF included in the
study, while 76 had several SFs collected at different time
points (two, n = 64; three, n = 9; four, n = 3). Each SF was
analyzed individually, even if punctured from the same pa-
tient. Of the 423 samples included, 218 were collected from
male patients (51.5 %); the age of patients ranged from 19
to 98 years (median age: 69 years, interquartile range: 56—
78); and the most frequent sites of puncture were the knee
(n =226, 53.4 %) and the hip (n = 136, 32.2 %). For 276
samples (65.2 %) the patient had or have had prosthetic ma-
terial at the punctured joint, and for 132 samples (31.2 %) the
patient received antibiotics in the 2 weeks before SF collec-
tion (Table 1).

3.2 Overall bacteriological results of synovial fluids
analyzed using the combination of all the
techniques used

After analysis of bacteriological results and clinical decision,
an infection was confirmed in 242 cases: 213 (88.0 %) were
monomicrobial, and 29 (12.0 %) were polymicrobial, for a
total of 284 bacteria.

Among the monomicrobial infections, staphylococci were
identified in 131 cases (61.5 %) — of which 83 were S. aureus
(38.9 %), streptococci and enterococci were identified in 30
cases (14.1 %), Gram-negative bacilli were identified in 29
cases (13.6 %), anaerobes were identified in 13 cases (6.1 %),
and other bacteria were identified in 10 cases (4.7 %). The
29 polymicrobial cases involved two bacterial species in 22
cases, three species in 4 cases, four species in 1 case, five
in 1 case, and six in 1 case. Of these 71 bacteria present in
polymicrobial infections, 24 were staphylococci (33.8 %), 17
were streptococci or enterococci (23.9 %), 12 were anaerobes
(16.9 %), 15 were Gram-negative bacilli (21.1 %), and 3 were
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Table 1. Characteristics of the cohort and collection of samples analyzed.

Total of samples

Synovial fluids from native joint

Synovial fluids from non-native joint?

n=423 n=136 n =287
Sex, male number/sex ratio 218/1.06 82/1.52 136/0.90
Age at joint puncture, years
Median 69 60 71
Range 19-98 19-98 31-96
Interquartile range 56-78 45-73 63-78
Location of joint puncture
Knee 226 68 158
Hip 136 14 122
Vertebral column 22 22 0
Shoulder 16 12 4
Ankle 12 12 0
Elbow 1 1 0
Others (hands or feet joints, os- 10 7 3
teitis)
Patients having received antibi- 132 (31.2) 34 (25.0) 98 (34.1)
otics in the 2 weeks before sam-
ple, n (%)
Confirmed BJI, n (%) 242 (57.2) 73 (53.7) 169 (58.9)
Acute infection? 111 51 60
Chronic infection? 130 22 108

2 Non-native joints correspond to 276 prosthetic joints and 11 joints with other orthopaedic material. b In one case, no information was available on whether the infection
was acute or chronic (differentiation between acute and chronic infection defined as clinical evolution of < or > 4 weeks).

other bacteria (4.2 %). The results according to the presence
or absence of orthopaedic material are presented in Fig. 1.

Of these 242 cases of infection, SF analysis using all tech-
niques detected 266 (93.7 %) out of the 284 bacteria and was
completely negative in 9 (3.7 %) cases. The 18 bacteria re-
sponsible for BJIs not detected in SF were detected by culture
of intraoperative tissues or by specific PCR not performed in
the study protocol. A total of 58 other bacteria in 53 samples
were detected in SF but were, in the end, considered to be
contaminants (Table S1).

3.3 Detection of bacteria in culture

Overall, the sensitivity of the various media inoculated
ranged from 41.7 % to 51.8 % for culture media and from
63.9 % to 67.6 % for BC bottles (Table 2). More precisely,
the detection rate of the 284 microorganisms (listed in Ta-
ble B1) was 45.2 % on the BA plate and 44.2 % on the CA
plate at 2d of incubation, 41.7 % on the BAana plate at 3d,
and 43.8 % on the CA plate and 45.9 % on the BAana plate
at 10d; it was 51.8 % in SCH broth and 63.9 % and 67.6 % in
the ANA and PED BC bottles. For the 25 anaerobes, sensitiv-
ity was 0 % on BA and CA plates at 2 d of incubation, 28.0 %
on the BAana plate at 3 d, and 40.0 % on the BAana plate at
10 d; it was also 40.0 % in SCH broth and 48.0 % in the ANA
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BC bottle. This demonstrated the value of the BC bottles for
both aerobic and anaerobic species since they have a simi-
lar or greater sensitivity compared to classical culture media
(agar plates and Schaedler broth). For the 212 microorgan-
isms isolated in BC bottles, 74.0 % were positive in both bot-
tles, and 26.0 % were positive in only one (15.6 % in the PED
and 10.4 % in the ANA).

The positivity rates for combinations of different culture
media associated with BC bottles were calculated. A com-
bination of three culture media (BA and CA plates for 48 h
and BAana plate for 10d) gave results which were not sig-
nificantly different (p = 0.24) from those obtained with the
six culture media (respectively, 52.8 % vs. 58.1 % positivity
rate). When adding BC bottles to these three media, 77.1 %
of microorganisms were detected compared to 79.2 % with
all culture media tested and BC bottles (p = 0.61; Table 3).

The time to positivity according to culture media was also
studied. Regarding the 12 anaerobes detected by classical
culture methods, 7 were isolated on plates during the first 3d
of incubation, and 5 were isolated between the 3rd and the
10th day, indicating that 10 d of incubation were still needed
for anaerobic solid media. Conversely, for culture media in-
cubated in a CO; atmosphere, the rate of microorganism de-
tection on chocolate agar plates was the same after 2 or 10d
of incubation (44.2 % vs. 43.8 %; p = 0.93). Concerning the
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480 synovial fluids collected from
patients with suspected BJI

57 excluded

(no consent or missing CRF)

423 synovial fluids from 332 patients

242 confirmed Blls

Joint without
orthopaedic material
n=73

Joint with prosthesis

or other orthopaedic material
n=169

88 microorganisms:

S. aureus, n=27
Other staphylococci, n=2
Streptococci-enterococci, n
GNB, n=13
Anaerobes, n=3
Other bacteria, n=6

196 microorganisms:

S. aureus, n=61
1 Other staphylococci, n=46
=18 Streptococci-enterococci, n=29
GNB, n=31
Anaerobes, n=22
Other bacteria, n=7

181 unconfirmed Blls

41

Figure 1. Flowchart of enrolled patients and microbiological results of confirmed BJIs. BJI indicates bone and joint infection, CRF indicates

case report form, and GNB indicates Gram-negative bacilli.

212 bacteria detected in SF collected in BC bottles, 89.6 %
were detected in less than 48 h, and 98.1 % were detected in
less than 5d. Two Finegoldia spp. isolates and one C. ac-
nes isolate were detected in BC bottles between 5 and 10d
of incubation (also two contaminants: one Corynebacterium
spp. and one Kocuria spp.), and only one microorganism
(Peptostreptococcus anaerobius) was detected after 10 d.

3.4 Performance of molecular methods vs. culture
methods

Of the 284 bacteria responsible for infection in our cohort,
16S rDNA PCR was positive in only 52.3 % of cases (61.9 %
of bacteria in monomicrobial samples vs. 23.9 % of bacte-
ria in polymicrobial samples; p < 0.001). The highest sen-
sitivity for molecular approaches was obtained with spe-
cific PCRs (Table 4). Of the 155 staphylococci detected, 16S
rDNA PCR was positive in 47.4 % of cases, whereas Staphy-
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lococcus spp. PCR was positive in 66.2 %. Focusing on S. au-
reus (n = 88), 16S rDNA PCR was positive in 64.8 % of
cases, Staphylococcus spp. PCR was positive in 81.8 % of
cases, and S. aureus-specific PCR was positive in 85.2 % of
cases. The same gain in sensitivity was observed for strep-
tococci  (n = 35) which were detected in 67.6 % of cases
by 16S rDNA PCR and in 91.2 % by specific PCR. Only two
SFs were positive for S. pneumoniae PCR, and three were
positive for B. burgdorferi PCR; no positive PCR was ob-
tained for K. kingae. Specificity was 90.6 % for 16S rDNA
PCR and between 96.7 % and 100 % for specific PCRs.

3.5 Discordance between the different techniques

For 79 out of 266 (29.7 %) bacteria detected in SF, the mi-
croorganism was only detected by one of the three tech-
niques compared: conventional culture, BC bottles, or PCR
(Table S2). Of these 79 bacteria, 25.3 % concerned polymi-
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Table 2. Sensitivity of each culture medium and incubation time for the detection of bacteria responsible for 242 bone and joint infections

in synovial fluid.

Sensitivity (%)

BAaeroo. CACO, BAana. CACO; BAana. SCH broth BC BC

(2d) (2d) (34d) (104d) (104d) (10d) ANA PED

Anaerobic species, n =25 0 0 28.0 0.0 40.0 40.0 480 120
incl. Cutibacterium acnes, n = 12 0 0 16.7 0.0 333 25.0 417  16.7
Streptococcus-Enterococcus spp., n = 47 38.3 36.2 38.3 36.2 40.4 404 543 543
incl. Enterococcus spp., n = 12 41.7 41.7 41.7 41.7 50.0 583  66.7 583
incl. Streptococcus spp., n = 35 37.1 343 37.1 343 37.1 343 500 529
incl. S. pneumoniae, n =2 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0
Staphylococcus spp., n = 155 54.2 54.2 51.3 53.9 54.5 58.7 737 797
incl. Staphylococcus aureus, n = 88 76.1 71.3 75.9 71.3 75.0 773 756 852
incl. non-aureus staphylococci, n = 67 254 23.9 18.5 22.7 27.3 343 712 723
Gram-negative bacilli, n = 44 58.1 46.5 31.7 45.2 38.1 60.5 636 818
Other bacteria, n = 13 7.7 30.8 0.0 30.8 0.0 0.0 154 308
All bacterial species, n =284 452 442 41.7 43.8 45.9 51.8 639 676
incl. monomicrobial, n =213 48.6 46.7 459 47.1 49.0 54.5 64.6 71.9
incl. polymicrobial, n =71 35.2 36.6 29.0 33.8 36.6 437  62.0 549

BA indicates blood agar, aero. indicates aerobic atmosphere, CA indicates chocolate agar, ana. indicates anaerobic atmosphere, SCH indicates Schaedler, BC ANA indicates

anaerobic blood culture bottle, BC PED indicates pediatric blood culture bottle, and incl. indicates including.

crobial samples; 54 (68.4 %) were staphylococci or strepto-
cocci. Of the 38 bacteria detected only in culture and not
by molecular techniques, 71.1 % (n =27) were staphylo-
cocci (including 57.9 % (n = 22) coagulase-negative staphy-
lococci). Conversely, 41 bacteria (15.4 %) were detected in
SF only by molecular techniques and did not cultivate. Only
five (two Coxiella and three Borrelia) were unable to grow
on the culture media used; 23 (56.1 %) were detected from
patients having received antibiotics before puncture, and 29
(70.7 %) were detected in non-native joint infection. A total
of 17 bacteria were detected only by specific PCR and not
by 16S rDNA PCR, including 8 for Staphylococcus spp. and
S. aureus PCRs, 6 for Streptococcus spp. PCR, and 3 for Bor-
relia burgdorferi PCR.

3.6 Performance of techniques in various subgroups

Among the 242 SFs collected in patients classified as in-
fected, 76 were collected from patients having received an-
tibiotics before puncture, and 90 bacteria were detected.
Bacterial detection rates in SF samples collected among
patients having received antibiotics and those having not
received antibiotics in the 2 weeks before puncture were
significantly different with culture techniques (p < 0.05)
(Table S3) : 26.7% vs. 53.9% on the BA plate, 26.7 %
vs. 52.3% on the CA plate at 2d of incubation, 25.8 %
vs. 55.2% on the BAana plate at 10d, 36.7% vs. 58.9 %
in SCH broth, 51.1% vs. 70.0% in the ANA BC bottle,
and 55.6 % vs. 73.3 % in the PED one. Conversely, the bac-
terial detection rates were not significantly different with
PCR techniques: 50.6 % vs. 53.1 % with 16S rDNA PCR
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(p =0.70), 60.5 % vs. 68.5 % with Staphylococcus spp. PCR
(p=0.35), 84.2% vs. 85.5% with the S. aureus-specific
PCR (p = 1.0), and 83.3 % vs. 95.5 % with the Streptococcus
spp- PCR (p = 0.28).

The various culture and PCR techniques did not show
any difference in performance between native joint and non-
native joint infections or between acute and chronic infec-
tions (p > 0.05 for all techniques; Tables S4 and S5).

3.7 Decisional algorithm proposed

According to the data presented herein, a decisional algo-
rithm is proposed to simplify the culture procedures and to
define the indications of broad-range and specific PCRs for
microbiological diagnosis on SF samples. We propose that
SF could be inoculated onto only three solid media (a blood
agar plate in aerobic atmosphere, a chocolate blood agar
plate in CO, atmosphere incubated for 48 h, and an anaer-
obic blood agar plate incubated for 10 d) associated with BC
bottles incubated for 10d. When culture is negative with a
clinical suspicion of BJI, 16S rDNA, Staphylococcus spp.
and Streptococcus spp. PCRs could be added. If we apply
this algorithm to the cohort presented herein, 93.8 % (227
out of 242) of the positive SFs would have been concluded
to be positive for at least one species, and 90.5 % (257 out
of 284) of bacteria responsible for BJI would have been de-
tected in SF compared to 93.7 % (266 out of 284) using all
the techniques tested on SF in our study.
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Table 3. Sensitivity of various culture and PCR method combinations for the detection of bacteria responsible for 242 bone and joint infections in synovial fluid.

Detection rate (% )

All3and 10d
culture media+ BC

2 d culture media
and 10d BA ana®+

2d culture media
and 10d BA ana®+

All 3 and 10d culture

2 d culture media and

BC bottles

2d culture media and

All3and 10d
culture media®

3d? culture
media only

10d BA ana+BC  media®+ BC + 16S PCR

only

10d BA ana® only

BC+ 16S PCR
+ specific PCR

BC+ 16S PCR

60.0 64.0

52.0 68.0

64.0

52.0

40.0

48.0

28.0

Anaerobic species, n =25

66.7

58.3

58.3

50.0

50.0

41.7

333

16.7

incl. Cutibacterium acnes, n =12
Streptococcus-Enterococcus spp., n = 47

93.6

80.9

80.9

61.7

63.8

57.4

42.6

44.7

40.4

83.3 83.3

833

75.0 66.7

66.7

50.0

583

41.7

incl. Enterococcus spp.,n = 12

80.0 97.1

60.0 80.0

60.0

55.9

40.0

40.0

40.0

incl. Streptococcus spp., n = 35

Staphylococcus spp., n = 155

94.8

90.3

91.6

87.1

88.4

85.1

63.2

54.8

93.2 96.6

88.6 94.3

89.8

87.5

71.3

78.4

71.3

incl. Staphylococcus aureus, n = 88

86.6 92.5

88.1

86.6 85.1

81.8

31.3

43.3

25.4

incl. non-aureus staphylococci, n = 67

Gram-negative bacilli, n = 44

Other bacteria, n = 13
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97.7

97.7

97.7
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All bacterial species, n = 284

94.8

87.8

83.3

77.0

71.5
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57.3
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incl. monomicrobial, n = 213
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74.6
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69.0

50.7

60.6

43.7

3 BA and CA incubated 2 d and BAana incubated for 3d. ® All gelose agar media and SCH broth incubated 2, 3, and 10d. © BA and CA incubated 2 d and BAana incubated 10 d. Incl. indicates including.
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4 Discussion

The present paper reports the first prospective multi-center
study that simultaneously explored the performance of cul-
ture and molecular bacteriological techniques in order to di-
agnose BJIs in SF, the results of which led us to propose an
algorithm associating culture of SF using three solid media
and inoculation into BC bottles, with a total incubation of
10d, and 16S, Staphylococcus spp., and Streptococcus spp.
PCRs for optimizing bacterial detection.

Compared to conventional culture of SF, BC bottles had
a higher detection rate, both for monomicrobial and polymi-
crobial samples. Previous studies have described the supe-
riority of BC bottles compared to conventional culture me-
dia, both with SF and bone samples (Hughes et al., 2011;
Bémer et al., 2016; Font-Vizcarra et al., 2010; Peel et al.,
2016). Moreover, while BJI diagnosis using conventional
agar and broth media requires a prolonged incubation of 2
weeks (Schifer et al., 2008), the use of BC bottles short-
ens the time to bacterial detection and reduces the delay in
diagnosis compared to enrichment culture broths since al-
most all positive samples were detected in the first 5 d using
BC bottles, as reported in other studies (Hughes et al., 2011;
Bémer et al., 2016; Minassian et al., 2014; Peel et al., 2016).
This could lead us to propose an incubation time shortened
to 10d when inoculating SF samples in BC bottles. Another
interesting point is that inoculation into BC bottles enables
an easier monitoring for the laboratory due to the automated
detection of bacterial growth and the reduction in technical
time for sterile samples, resulting in considerable cost sav-
ings, as demonstrated by the Mayo Clinic laboratory (Peel et
al., 2017). Of note is that BC flasks used for inoculation of
SF must be selected carefully since the various bottles com-
mercially available demonstrate different performances, es-
pecially for the detection of C. acnes (Jeverica et al., 2020).

However, even if the inoculation in BC bottles shows the
highest positivity rate, a better detection of bacteria in SF
was observed when associated with conventional culture me-
dia. We found that an optimal bacterial detection could be
obtained with only three culture media if associated with BC
bottles: a blood agar plate and a chocolate agar plate incu-
bated for 48 h and an anaerobic blood agar plate incubated
for 10 d. This could allow us to optimize sensitivity while re-
ducing costs and alleviating the technical monitoring of SF
samples. Adding conventional culture media to BC bottles
is also essential to discriminate between real infection and
contaminations, the proportion of culture-positive media be-
ing important to take into account for skin commensal bac-
teria. In 2016, Bémer et al. (2016) proposed a combination
of three culture media for BJIs diagnosis: a chocolate agar
plate, a Schaedler broth, and a pediatric BC bottle (Bémer
et al., 2016). In the present study, results showed that inoc-
ulating both a pediatric and an anaerobic BC bottles makes
the use of an anaerobic broth unnecessary and that adding a
blood agar plate to the chocolate agar plate seems useful for
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Table 4. Sensitivity and specificity of PCR techniques for the diagnosis of bone and joint infections on synovial fluid.

16S rDNA PCR PCR PCR PCR PCR PCR PCR
PCR  Staphylococcus  S. aureus  Streptococcus  S. pneumoniae  C. acnes  B. burgdorferi K. kingae

Sensitivity (%)
Anaerobic species, n = 25 36.0 - - - — _ _ _
incl. Cutibacterium acnes, n = 12 333 - - - - 58.3 - -
Streptococcus-Enterococcus spp., n = 47 58.7 - - - - - - —
incl. Enterococcus spp.,n =12 333 - - 0 - - - -
incl. Streptococcus spp., n = 35 67.6 - - 91.2 - - - -
incl. S. pneumoniae, n =2 100 - - 100 100 - - -
Staphylococcus spp., n = 155 47.4 66.2 - — — — _ _
incl. Staphylococcus aureus, n = 88 64.8 81.8 85.2 - - - - -
incl. non-aureus staphylococci, n = 67 242 455 - - - - - _
Gram-negative bacilli, n = 44 74.4 - - - - - - _
Other bacteria, n = 13 46.2 - — — — _ _ _
incl. Borrelia spp.,n =3 0 - - - - - 100 -
All bacterial species, n = 284 52.3 - - - - - - _
incl. monomicrobial, n = 213 61.9 - - - _ _ _ _
incl. polymicrobial, n =71 239 - - - - - _ _
Specificity (%) 90.6 96.7 100.0 98.2 100.0 97.3 100.0 100.0

Incl. indicates including.

analyzing the various morphologies and hemolytic profiles in
the case of infection with various morphotypes.

Regarding molecular assays on SF, several indications can
be proposed based on the presented results: suspicion of in-
fection with previous antibiotherapy (Bémer et al., 2014),
strong clinical suspicion or biological criteria of BJI with dis-
cordant or negative culture results, and suspicion of infection
with fastidious or non-cultivable bacteria. In this study, 16S
rDNA, Staphylococcus spp. and Streptococcus spp. PCRs
were the most contributing molecular tests, which is con-
cordant with Levy et al. (2013). The lack of sensitivity of
the 16S rRNA PCR followed by Sanger sequencing, as ob-
served by the low detection rate in the present study, has
been reported by previous studies (Bémer et al., 2014; Lalle-
mand et al., 2016). This could be linked to the frequently
low bacterial inoculums present in BJIs and to the inability
of 16S rDNA PCR followed by Sanger sequencing to dis-
criminate between different bacteria in polymicrobial infec-
tions (which could be resolved using 16S rDNA PCR fol-
lowed by whole-genome sequencing). Conversely, a sample
positive only in molecular techniques raises the question of
whether the bacterium identified is really responsible for an
infection as PCR can identify contaminants and DNA from
nonviable bacteria. As reported by previous studies (Bémer
et al., 2014; Jacquier et al., 2019), the performance of 16S
rDNA PCR was good for S. aureus and streptococci but also
for Gram-negative bacilli; conversely, performance was in-
sufficient for C. acnes and coagulase-negative staphylococci.
Universal PCR can be helpful, but its indications must be
clearly selected, and, above all, clinicians and bacteriologists
must be aware of its limits in terms of sensitivity. Specific
PCRs are more sensitive but target a single gene found in a
single genus or species, thus limiting their use in BJIs where
the pathogens are very diverse. Specific PCRs should be pre-

J. Bone Joint Infect., 9, 37—48, 2024

scribed according to the culture results and the clinical con-
text, and an accurate diagnosis may require several specific
PCRs to be performed. This means that any remaining vol-
ume of SF after culture media inoculation must be frozen to
possibly perform PCRs; therefore, synovial fluid volume is
sometimes a limiting factor that can prevent the addition of
molecular assays. This study was carried out before the de-
velopment of next-generation sequencing, which could fur-
ther improve BJI diagnosis, but, currently, few laboratories
have access to this new technology due to its cost and com-
plexity.

SF is a very valuable sample for BJI diagnosis as it can
be collected at the patient’s bedside, it can be directly inoc-
ulated into BC bottles by clinicians, and it presents a higher
positivity rate in culture compared to tissues and bone sam-
ples (Bémer et al., 2016). However, it also presents an impor-
tant drawback for bacteriological diagnosis: SF is sometimes
collected alone, without bone samples, and, in this case, the
interpretation of positive bacteriological results for a poten-
tial contaminant may be difficult. The use of several diagnos-
tic techniques (culture, blood culture bottles, PCRs) can help
differentiate between contaminant and infection, depending
on the number of positive techniques for the same microor-
ganism.

5 Conclusions

The present study found that a combination of culture and
molecular methods on SF allows the optimization of bacterial
detection. This combination of techniques would allow us to
simplify the bacteriological process and lead to reductions in
associated costs.
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Appendix A

Table A1. List of the primers and probes used for molecular assays in this study.
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Bacteria

Targeted gene

Primers (5'-3')

Probes (5'-3")

References

Conventional PCR

(amplification sequencing)

Universal

16S rDNA

Lyon laboratory:

91E: TCAAAK-
GAATTGACGGGGGC

13Bs: GCCCGGGAACGTAT-
TAC

Saint-Ftienne laboratory:

FB: GCTCAGGAY-
GAACGCTGG

FR: TACTGCTGCCTCC-
CGTA

Relman (1993)
(adapted)

Harris and Hartley
(2003)

Staphylococcus spp.

tuf

tufsta267L:

CATTCATGATGCCWGTTGAGGACG

tufsta650-1: CGTCWG-
TAGTACGGAAATA-
GAATTGTGG

tufsta650-2:

CGTCAGTAGTACGGAAGTAGAATTGTGG

Home-made

Streptococcus spp.

tuf

tuf187-1:

GTTCAGCWCTTAAAGCTCTTGAAGG

tuf187-2: GTTCAGCTCT-
TAAAGCMCTTGAAGG
tuf680-1:

GTWGTACGGAAGTAGAATTGWGGACG

tuf680-2: GTTGTACGGAAG-
TAGAACTGTGGACG

Home-made

Specific real-time PCR with

FRET probes

S. aureus

femA

femA-2F:
AACTGTTGGCCACTATGAGT

femA-2R: CCAGCATTAC-
CTGTAATCTCG

lambda Sr:

TxRed- GGTTCATCCCCTTCCGGCGTCA-
BHQ2

femA-Pb: FAM-
TATTCAAATCGCGG -BHQI1

CAAGTATTTT-

Paule et al. (2004)

S. pneumoniae

IytA

IytAF: ACGCAATCTAGCA-
GATGAAGCA

IytAR: TCGTGCGTTT-
TAATTCCAGCT

lambda Sr:
TxRed-TGACGCCGGAAGGGGATGAACC-
BHQ2

ytA-Pb: FAM-
TGCCGAAAACGCTTGATACAGGGAG-
BHQI

Carvalho et al. (2007)

Kingella kingae

rixA

rixA-1: TGCCAAAG-
TAAAACCAGCTGAA

rtxA-2: AACTTACC-
TAATTTTGGCAAAGCAA

lambda Sr: TxRed-
TGACGCCGGAAGGGGATGAACC-BHQ2
1txA-Pb: FAM-
TGACAACAAACCGCTAATCATTTYTAA
GSCC -BHQ1

Cherkaoui et al. (2009)
(adapted)

Borrelia burgdorferi

recA

Kit TibMolbiol ~LightMix®
Borrelia spp. (Roche Diagnos-
tics)

Conventional PCR
(amplification migration)

Cutibacterium acnes

168

rDNA

PAFs:
GGGTTGTAAACCGCTTTCGC

PAR: GGCACACCCATCTCT-
GAGCAC

Sfanos and  Isaacs

(2008) (adapted)

Extraction control

Human beta-globin

hbb

PCOy4: CAACTTCATC-
CACGTTCACC

GH;0:  GAAGAGCCAAG-
GACAGGTAC

Bauer et al. (1991)
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Appendix B

Table B1. List of the 284 microorganisms responsible for infections in the study cohort.

Monomicrobial infections, n Polymicrobial infections, n Total

Staphylococci (n = 155)

Staphylococcus aureus 83
Staphylococcus epidermidis 37
Staphylococcus lugdunensis 8
Staphylococcus hominis

Staphylococcus capitis 1
Staphylococcus caprae 1
Staphylococcus schleiferi 1
Staphylococcus simulans

Staphylococcus warneri 1

—_
—_ = N = W
(=]

Streptococci (n = 35)

Streptococcus pyogenes

Streptococcus agalactiae

Streptococcus dysgalactiae

Streptococcus pneumoniae

Streptococcus oralis

Streptococcus salivarius

Streptococcus gordonii

Streptococcus infantarius

Streptococcus mitis

Streptococcus mitis/cristatus/parasanguinis
Streptococcus parasanguinis 1
Streptococcus anginosus 1 2
Streptococcus oligofermentans 1

—_ N = = = NN W
_) = D) = = = B N O 00 W

Enterococci (n = 12)

Enterococcus faecalis 4 4 8
Enterococcus faecium 1 2 3
Enterococcus casseliflavus 1

Gram-negative bacilli (n = 44)

Escherichia coli 10 3
Enterobacter cloacae 4 3
Klebsiella pneumoniae 2
Klebsiella oxytoca 2
Citrobacter spp. 1
Salmonella spp. 1
Proteus spp. 3
Serratia spp. 1
Yersinia spp. 1
Pseudomonas aeruginosa 6 2
Aeromonas spp. 1
Acinetobacter spp. 1
Pasteurella spp. 2
Campylobacter spp. 10 3

L DD = = 00 = = L) = = NN W

—_

Anaerobes (n = 25)

Cutibacterium acnes 10

Finegoldia magna 1 3
Parvimonas micra 1

Peptostreptococcus anaerobius 1

Peptoniphilus asaccharolyticus
Propionibacterium avidum
Bacteroides spp.
Fusobacterium spp.

Prevotella spp.

— NN =~ = — Ao

—_ N = =

Other bacteria (n = 13)

Chlamydia trachomatis
Corynebacterium spp.
Mycobacterium tuberculosis
Mycobacterium wolinskyi
Neisseria gonorrhoeae
Borrelia spp.

Coxiella burnetii

—_—— R W
—_ k= W A=

Total 213 71 284
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