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A R T I C L E I N F O

Summary of Main Point: A novel molecular
diagnostic panel combining the commercially
available Xpert MRSA/SA SSTI (Cepheid) and
laboratory-developed real-time polymerase
chain reactions (PCR) for the clindamycin
resistance-inducing erm genes and K. kingae
detection is a sensitive and specific diagnostic
tool with potential to improve pathogen
identification in pediatric musculoskeletal
infections.
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A B S T R A C T

Background: Pathogen detection in pediatric patients with musculoskeletal infections relies on conventional
bacterial culture, which is slow and can delay antimicrobial optimization. The ability to rapidly identify cau-
sative agents and antimicrobial resistance genes in these infections may improve clinical care.
Methods: Convenience specimens from bone and joint samples submitted for culture to Children's Hospital
Colorado (CHCO) from June 2012 to October 2016 were evaluated using a “Musculoskeletal Diagnostic Panel”
(MDP) consisting of the Xpert MRSA/SA SSTI real-time PCR (qPCR, Cepheid) and laboratory-developed qPCRs
for Kingella kingae detection and erm genes A, B, and C which confer clindamycin resistance. Results from the
MDP were compared to culture and antimicrobial susceptibility testing (AST) results.
Results: A total of 184 source specimens from 125 patients were tested. The sensitivity, specificity, positive
predictive value (PPV), and negative predictive value (NPV) of the Xpert MRSA/SA SSTI compared to culture
and AST results were 85%, 98%, 93%, and 95% respectively for MSSA and 82%, 100%, 100%, and 99% for
MRSA. Compared to phenotypic clindamycin resistance in S. aureus isolates, the erm A, B, and C gene PCRs
collectively demonstrated a sensitivity, specificity, PPV, and NPV of 80%, 96%, 67%, and 98%. In comparison to
clinical truth, Kingella PCR had a sensitivity, specificity, PPV, and NPV of 100%, 99.5%, 100%, and 100%.
Conclusions: This novel MDP offers a rapid, sensitive, and specific option for pathogen detection in pediatric
patients with musculoskeletal infections.

1. Introduction

Acute and chronic musculoskeletal (MSK) infections in children are
a common cause of hospitalization, with an incidence of approximately
6 cases per 1000 pediatric hospitalizations (Dahl et al., 1998; Arnold
et al., 2006). Staphylococcus aureus is the most commonly isolated pa-
thogen in acute pediatric MSK infections (Arnold et al., 2006; Copley,
2009; Paakkonen et al., 2013; Peltola and Paakkonen, 2014; Arnold and
Bradley, 2015; Spruiell et al., 2017). Among patients less than 4 years of

age, Kingella kingae has been described as a common pathogen as well,
though it is difficult to recover by culture (Yagupsky et al., 1993;
Yagupsky and Dagan, 1997; Verdier et al., 2005; Yagupsky et al., 2011;
Yagupsky, 2015). Pathogen identification in MSK infections allows for
targeted antimicrobial therapy (Gafur et al., 2008; Funk and Copley,
2017). Current pathogen identification techniques rely on the culture of
blood and source specimens; however culture fails to identify a pa-
thogen in 21–68% of pediatric MSK infections (Arnold et al., 2006;
Paakkonen et al., 2013; Arnold and Bradley, 2015; Spruiell et al.,
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2017). Additionally, culture takes 1–5 days to recover pathogens and
often 24–72 h longer for antimicrobial susceptibility test (AST) results.
Real-time polymerase chain reaction (qPCR) has increased the yield and
speed of pathogen identification in other infectious diseases such as
bacteremia, meningitis, and gastroenteritis (Altun et al., 2013,
Binnicker, 2015, Leber et al., 2016, Messacar et al., 2016, Messacar
et al., 2017, Murphy et al., 2017, Timbrook et al., 2017) and has been
investigated for adult patients with MSK infections (Dubouix-Bourandy
et al., 2011; Titecat et al., 2012; Valour et al., 2014; Lourtet-Hascoett
et al., 2015; Sambri et al., 2017; Titecat et al., 2017). Given the char-
acteristic epidemiology and bacterial resistance patterns for acute pe-
diatric MSK infections, an ideal rapid diagnostic tool would target S.
aureus, including methicillin and clindamycin resistance, as well as K.
kingae (Arnold et al., 2006; Copley, 2009; Arnold and Bradley, 2015).

The Xpert MRSA/SA SSTI qPCR (Cepheid) is cleared by the U.S.
Food and Drug Administration for rapid identification of S. aureus and
genotypic detection of methicillin resistance from cutaneous and sub-
cutaneous swabs, and has been evaluated in Europe for use with bone
and joint specimens from adults with MSK infections (Wolk et al., 2009;
Dubouix-Bourandy et al., 2011; Titecat et al., 2012; Valour et al., 2014;
Sambri et al., 2017; Titecat et al., 2017). We designed and evaluated a
novel musculoskeletal diagnostic panel (MDP) that incorporates three
components: the Xpert MRSA/SA SSTI assay, a qPCR for the erm A, B,
and C genes that confer clindamycin resistance among several bacterial
species most notably Staphylococcus aureus (Weisblum, 1995; Leclercq,
2002; Woods, 2009), and a qPCR for K. kingae. This novel panel was
specifically designed to provide rapid results for the common pathogens
in children with MSK infections. The purpose of this study was to va-
lidate the clinical utility of this novel MDP.

2. Materials and methods

2.1. Patients and specimens

The study was conducted at the Children's Hospital Colorado's
(CHCO) microbiology laboratory (Aurora, CO). CHCO is a 444-bed
academic, quaternary care, free-standing children's hospital. Eligible
specimens were from patients who had been seen at CHCO from June
2012 to December 2016 and had bacterial cultures of source specimens
obtained from deep MSK sources (e.g. bone, joint, muscle, deep ab-
scess). Some banked specimens were collected from patients who had
bacterial cultures ordered but had low clinical suspicion for an under-
lying infectious process. After bacterial cultures and AST were per-
formed for patient care, any remaining specimen from bone or joint
source samples (convenience specimens) were banked and stored at
−80 °C prior to validation testing. The electronic medical records for
patients with banked specimens were retrospectively reviewed for de-
mographic, clinical, and microbiologic data.

2.2. Conventional microbiological methods

Specimens were cultured aerobically on blood (TSA with sheep
blood), MacConkey, and Chocolate agar as well as anaerobically
(Brucella Anaerobic Agar and BBE/LKV Bi-plate). All specimens (tissues
and aspirates) were also placed into a blood culture bottle (PedsPlus/F),
termed “broth-enriched” culture, which was incubated for 5 days on a
Bactec 9120/9240 prior to 2014 or Bactec FX from 2014 onward
(Becton Dickinson, Sparks, MD). To be inoculated into blood culture
bottles, firm tissue specimens (bone, synovial tissue, etc) were first
ground in sterile saline using a closed tissue grinder system (Cardinal
Health, Waukegan, IL, USA); an aspirate of the homogenized fluid was
then used for inoculation. Bacteria isolated from aerobic, anaerobic,
and “broth-enriched” culture techniques were identified using standard
microbiology methods. We identified Staphylococcus species, enteric
gram-negative bacteria, Pseudomonas aeruginosa, and Enterococcus spp.
isolates by a Microscan panel prior to 8/2014 (Siemens Healthcare

Diagnostics, Inc., West Sacramento, CA) and MALDI-TOF after 8/2014
(Bruker Corp., Billerica, MA). Nonfermenters, Haemophilus spp. and
Neisseria spp. were identified using RapID NF and RapID NH tests
(Remel Inc., Lenexa, KS). Methicillin resistance was determined by
penicillin binding protein 2′ latex agglutination test (Oxoid,
Basingstoke, UK) or MicroScan panel (Siemens Healthcare Diagnostics,
Inc., West Sacramento, CA). Clindamycin susceptibilities were con-
ducted using D-test by either disk diffusion method or MicroScan and
were reported as directed by the Clinical and Laboratory Standards
Institute (CLSI). A D-test was performed routinely on all Staphylococcus
aureus isolates and a positive D-test was reported as “clindamycin re-
sistant” and considered clindamycin resistant for the erm gene analysis.

2.3. Specimen processing for the MDP

Banked specimens were thawed at room temperature. Bone or sy-
novial tissues were brought to 1mL with sterile saline. Firm tissues (23/
184, 13%) were ground in a closed tissue grinder system (Cardinal
Health, Waukegan, IL, USA), vortexed for 60 s with glass beads (Baxter,
McGaw Park, IL, USA), and large fragments were allowed to settle.
Aspirates or synovial fluid were diluted with sterile saline to 500 μL,
vortexed for 60 s, and centrifuged for 5 s at 2000×g. All Xpert MRSA/
SA SSTI testing was performed shortly after the above specimen pro-
cessing. An aliquot of each supernatant was also removed and under-
went DNA extraction for the erm A/B/C and K. kingae qPCRs.
Extractions were performed on a Qiagen© EZ1 instrument, using the
tissue kit with 200 μL input and 100 μL elution volumes. The nucleic
acids were frozen at −80 °C for later testing using erm A/B/C and K.
kingae qPCRs.

2.4. MDP testing and interpretation

The Xpert MRSA/SA SSTI component of the MDP is a self-contained,
fully automated system for DNA extraction and qPCR that can also be
performed on-demand. It detects genes for the staphylococcal protein A
(spa), methicillin-resistance (mecA), the staphylococcal chromosomal
cassette (SCC), and the internal sample processing control (SPC).
Detection of spa, mecA, and the SCC indicates the presence of methi-
cillin-resistant S. aureus (MRSA). Detection of spa without mecA, with
or without SCC, indicates S. aureus. Negative SPC results reflect the
presence of a qPCR inhibitor, so all results in such a case are considered
invalid.

For the Xpert assay, the swab from the specimen collection kit
(Copan, Murietta CA) was placed directly into each processed specimen
fluid for 60 s, transferred to the kit elution buffer, then capped and
vortexed for 10 s. The resulting solution was pipetted into the Xpert
MRSA/SA SSTI test cartridge and tested on a GeneXpert Infinity in-
strument, which provides results in approximately 60min. Per manu-
facturer instructions, specimens with invalid results were aspirated out
of the test cartridge, transferred into a fresh cartridge, and re-run. If the
second run was also invalid, no MRSA/SA results were included for that
specimen.

The erm gene component of the MDP consisted of individual qPCR
reactions for the erm A, erm B, and erm C genes. Primers and probes
(Supplementary Table S1) were designed using the Primer3 program
and assessed by NCBI BLASTN 2.7 analysis (He, 2016, O'Brien et al.,
2016, Consortium, 2017, Sato et al., 2017). Each 25 μL reaction con-
tained 5 μL of nucleic acid extract, 15.25 μL of master mix (Qiagen)
containing 0.25 μL of an internal processing control (Applied Biosys-
tems), 1 uL of each primer (all primer solutions at 10 μM), 1 μL of probe
(all probe solutions at 5 μM), and 1.75 μL water. Thermocycling con-
sisted of 50 °C for 2min and 95 °C for 10min, followed by 95 °C for 15 s
and 60 °C for 60 s for a total of 45 cycles on an ABI 7500 thermocycler
(Thermofisher). All specimens were tested in duplicate and considered
positive if crossing points were 40 cycles or lower. Bacterial DNA con-
taining or lacking erm A and erm B or the erm C plasmid served as
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controls for each run.
The laboratory-developed K. kingae qPCR component of the MDP

was designed to detect the rtx-A gene and initially assessed as described
above. Reactions were similarly prepared and amplified, except K.
kingae-specific primers and probes were used (Supplementary Table
S1). All specimens were tested in duplicate and considered positive if
crossing points were 38 cycles or lower. Reactions containing or lacking
K. kingae 23,330 DNA were used as positive or negative controls, re-
spectively. Personnel performing the erm and K. kingae PCRs were
blinded to the Xpert, culture, and AST results.

2.5. MDP limit of detection

Analytical sensitivity (limit of detection, LOD) for the Xpert MRSA/
SA SSTI assay was assessed by spiking serially-diluted spectroscopy-
quantified MRSA strain 4330 and S. aureus 29,213 (American Type
Culture Collection) into culture-negative joint fluid and homogenized
bone tissue, adsorbing the material onto swabs and testing as described
above. The LOD was defined as lowest number of bacteria per test
detected by all 3 replicates of a dilution on multiple runs. Specificity
was assessed by testing K. kingae 23,330 and 23,332, Propionibacterium
acnes 11,827, Staphylococcus epidermidis 12,228; Streptococcus pneumo-
niae 49,615 and 799,677, and Streptococcus pyogenes 19,615.

Analytical sensitivities for the erm PCRs were established by testing
culture-negative joint fluid and tissue containing serial dilutions of S.
aureus BA977 which contains the erm A gene, S. pneumoniae 799,677
which contain erm B gene, or an erm C plasmid. Each LOD was defined
as the fewest organisms per reaction detected by all 20 replicates of a
dilution on multiple runs. Specificity was further established by testing
S. aureus 29,213 which lacks the erm-A gene, S. pneumoniae 49,615
which lacks the erm-B gene, and the MRSA, K. kingae, P. acnes, S. epi-
dermidis, and S. pyogenes strains listed above. Accuracy was further
assessed by testing 20 banked clinical isolates of MRSA and S. aureus
known by the D-test to express or lack inducible clindamycin resistance.

Analytical sensitivity for the K. kingae PCR was determined by
testing culture-negative joint fluid and tissue containing serially-diluted
K. kingae 23,330 on multiple run and was defined as the lowest number
of bacteria per reaction detected in all 20 replicates of a dilution on
multiple runs. K. kingae strain 23,332 was also tested. Specificity was
established by testing MRSA, and the strains of S. aureus, P. acnes, S.
epidermidis, S. pneumoniae, and S. pyogenes listed above.

2.6. Data analysis

Results from all assays and data extracted from a retrospective re-
view of patient charts were collected and managed using REDCap
electronic data capture tools hosted at Children's Hospital Colorado
(Harris et al., 2009). Sensitivity, specificity, PPV and NPV for each
component of the MDP were calculated based on each sample's original
culture growth and antimicrobial susceptibility testing using standard
statistical methods. Use of clinical specimens and data were approved
by the Colorado Multiple Institutional Review Board.

3. Results

3.1. Patient demographics and culture results

During the evaluation period, there were a total of 488 muscu-
loskeletal specimens from 340 patients submitted to the CHCO la-
boratory for culture. A total of 184 (38%) specimens on 125 (37%)
unique patients had remaining convenience specimen banked and were
included in the study (Fig. 1). The characteristics of patients included in
the study are summarized in Table 1. Most (54%) were previously
healthy, though 46% had conditions that predispose to infection, in-
cluding implanted hardware, severe neurologic impairment, or im-
munosuppression; some patients had multiple comorbidities. Sixty-four

percent had a diagnosis of osteomyelitis and/or septic arthritis con-
sistent with deep musculoskeletal infection, 4% of patients were diag-
nosed with superficial skin infection or superficial abscess only. Twenty
five percent were given a non-infectious diagnosis, mostly of rheuma-
tologic disease.

3.2. Analytical sensitivity (LOD) results

The analytical sensitivity (LOD) of the Xpert MRSA/SA SSTI com-
ponent was estimated at 103S. aureus per test in joint fluid and bone
tissue. The LOD of MRSA in joint fluid was approximately 104 bacteria
per test but was only 106 per test in tissue. When lower amounts of
MRSA were present in tissue specimens, Xpert testing detected S. aureus
but failed to detect genotypic methicillin resistance. There was no de-
tection of high concentrations (105 organisms per test) of P. acnes, S.
epidermidis, K. kingae, S. pneumoniae, or S. pyogenes with the Xpert
MRSA/SA SSTI analytical sensitivity testing.

Analytical sensitivities for the erm components of the panel were
approximately 50 bacteria per reaction for the erm A PCR, 5 bacteria
per reaction for the erm B PCR, and 1 copy per reaction for the erm C
PCR in joint fluid and bone. High concentrations of P. acnes, S. epi-
dermidis, K. kingae, S. pyogenes or clindamycin-susceptible S. aureus and
S. pneumoniae were not detected during the analytical sensitivity testing
of the erm PCR. In addition, all erm PCR results and D-test results
(which indirectly indicate the presence of an erm gene) correlated
perfectly for 10 clindamycin susceptible and 10 clindamycin resistant
MRSA clinical isolates.

Analytical sensitivity of the Kingella PCR component of the panel
was approximately 50 bacteria per reaction in joint fluid and 500
bacteria per reaction in bone. Reference K. kingae strain 2332 was also
detected. There was no detection of high concentrations of MRSA, S
aureus, S. epidermidis, P. acnes, S. pyogenes, or S. pneumoniae during the
analytical sensitivity testing of the K. kingae PCR.

3.3. Comparison of culture to Xpert MRSA/SA SSTI

Xpert MRSA/SA SSTI qPCR results were valid on 182 (99%) of the
184 specimens evaluated. Two of the 184 samples were invalid on Xpert
MRSA/SA SSTI assay after repeated attempts and were excluded from
the Xpert MRSA/SA portion of the MDP analysis. In total, combined
culture identified methicillin-sensitive S. aureus (MSSA) alone in 45 of
the 182 (25%) source specimens and methicillin-resistant S. aureus
(MRSA) alone in 10/182 (5%) of source specimens (Fig. 1, Tables 2 and
3a). Three specimens with MSSA and 1 specimen with MRSA grew
multiple bacterial pathogens; these 4 polymicrobial specimens were
considered positive for MSSA or MRSA for comparison with the Xpert
test.

Of the 48 total specimens with MSSA identified by culture, 41 (85%)
had S. aureus detected by Xpert MRSA/SA SSTI PCR assay. Of the 7
specimens with MSSA identified on culture that did not have S. aureus
detected by PCR, 4/7 specimens (57%) had MSSA isolated on broth-
enriched culture alone (Fig. 1, Table 3a). Three of these 4 had been
pretreated with antimicrobials within 72 h of source culture collection.
Two specimens that were negative for S. aureus on combined culture
were positive for S. aureus by Xpert MRSA/SA SSTI assay. Both speci-
mens came from the same patient with culture-confirmed MSSA mus-
culoskeletal infection 1-month prior at the same anatomic site. The
Xpert assay detected 9 (82%) of the 11 specimens that grew MRSA,
including one which was polymicrobial (Fig. 1, Table 3a). One (9%) of
the 11 MRSA culture-positive specimens was positive for the spa target
but neither mecA or SCC, indicating the presence of S. aureus but not
MRSA. One (9%) of the 11 specimens positive for MRSA only in broth-
enriched culture was negative by PCR for all targets.

Overall, comparison of the Xpert MRSA/SA SSTI assay to combined
culture results and AST resulted in a sensitivity and specificity of 85.4/
98% for MSSA and 81.8/100% for MRSA. Sensitivity increased to 93%
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for MSSA and 90% for MRSA when specimens positive only in broth-
enriched cultures were considered culture negative (Table 3a).

3.4. erm A/B/C gene PCR

Results for erm A/B/C PCR were valid on all 184 specimens. Five of
the 184 (3%) samples had a clindamycin-resistant S. aureus identified
by AST (Table 2). Eleven of the 184 (6%) samples were positive for an
erm gene by PCR, 4/11 (36%) of which had ermA detected (Table 3b,
Fig. 1). All ermA positive samples were from patients who had clin-
damycin resistant MSSA by AST. Two of the 11 erm PCR-positive spe-
cimens had ermB identified, both of which had clindamycin-resistant
Streptococcus pyogenes identified on culture suggesting appropriate
identification of ermB. Four of the 11 (36%) erm PCR-positive samples

488 Specimens

182 Specimens 
with Xpert Data

2 Invalid 

304 Specimens 
Not banked

184 Xpert
MRSA/SA Assay

184 K. kingae PCR184 erm PCR

184 Banked 
Specimens

4 erm A

11 erm PCR 
Positive

173 erm PCR 
negative

3 K. kingae PCR positive

181 K. kingae
PCR negative

4 erm C

1 erm B+C

2 erm B

44 SA on 
Xpert

9 MRSA 
on Xpert

129 Negative 
on Xpert

1 MRSA on 
Culture

41 MSSA 
on Culture

2 Culture 
Negative

9 MRSA on 
Culture

7 MSSA on 
Culture

1 MRSA on 
Culture

96 Culture
Negative

25 Bacterial 
Growth on 

Culture (Not 
S. aureus)

2/2 with GAS 
Clinda-R on 

Culture

4/4 with 
MSSA-R on 

Culture

1/1 MSSA-S 
on Culture

1/4 MSSA-S
on Culture

2 K. kingae
on Culture

1 No growth on 
Culture

15 month old with 
monoarticular septic 
arthritis of elbow, 
improved on 
cephalexin and 
clindamycin dual 
therapy

2/4 No growth 
on Culture

1/4 B. fragilis
Clinda-R on 

Culture

Fig. 1. Musculoskeletal diagnostic panel testing on included specimens.

Table 1
Patient and Specimen Characteristics.

Demographics N=125 Patients %

Male 79 63%
Age (Median) 10.6 years
Comorbidities N=125 Patients
None 67 54%
Rheumatologic Diagnosis 22 18%
Underlying Bone Disease 16 13%
Preceding Trauma 13 10%
MSK Hardware in Place 13 10%
Severe Neurologic Impairment 9 7%
Immunosuppressed 7 6%
Specimen Type N=184 Specimens %
Bone Tissue/Bone Biopsy Tract Aspirate 73 40%
Synovial Fluid 70 38%
Soft Tissue Abscess 15 8%
Synovial Tissue 8 4%
Subperiosteal Abscess 8 4%
Soft Tissue Mass/Cyst 7 4%
Muscle Aspirate 3 2%
Antimicrobial Pretreatment N=184 Specimens
Antibiotic Exposure within 72 h of Sample

Collection
60 33%

Discharge Diagnoses N=128 Admissions
Osteomyelitis 42 33%
Septic Arthritis 22 17%
OM+SA 18 14%
Chronic Recurrent Multifocal Osteomyelitis 16 13%
Non-Infectious 24 19%
Superficial Skin Infection 3 2%
Superficial Abscess Only 3 2%

Table 2
Culture results.

Pathogen N=184 %

Staphylococcus aureus 56 30%
MSSA-Clindamycin Sensitive 42 23%
MRSA-Clindamycin Sensitive 9 5%
MSSA-Clindamycin Resistant 4 2%
MRSA-Clindamycin Resistant 1 0.5%
Other Bacteria 13⁎ 7%
Polymicrobial 9⁎⁎ 5%
Group A Streptococcus 7 4%
Kingella kingae 2 1%
Culture Negative 97 53%

⁎ Other bacteria detected only by culture were Coagulase-negative
Staphylococcus (3), Abiotrophia spp. (1), B. fragilis (1), Bifidobacterium spp. (1),
Coccidioides immitis (1), E. coli (1), Enterobacter cloacae (1), Fusobacterium spp.
(1), Moraxella spp. (1), P. acnes (1), S. anginosus (1).

⁎⁎ 4/9 polymicrobial cultures included S. aureus (3 MSSA and 1 MRSA).

J.B. Searns et al. Journal of Microbiological Methods 156 (2019) 60–67

63



had ermC detected, none of which grew clindamycin-resistant S. aureus.
One of these 4 (25%) ermC positive samples grew clindamycin-resistant
Bacteroides fragilis and 2/4 (50%) were culture negative. The fourth
ermC positive specimen had clindamycin-susceptible MSSA isolated.
Finally, one of the 11 (9%) erm PCR-positive samples had both ermB
and ermC detected, although the culture yielded clindamycin-suscep-
tible MSSA. One of the 5 (20%) specimens with clindamycin-resistant S.
aureus did not have any of the three erm genes identified. Only the broth
culture of this specimen grew, and Gram-positive cocci in groups
(GPCs) were identified; this organism was presumed to be clindamycin-
resistant MSSA which was not further identified and did not undergo
separate AST as the patient had previously grown this organism from
two other anatomic sites. The other two clindamycin-resistant MSSA
specimens from this same patient had ermA detected by PCR. For our
MDP, the erm A/B/C qPCR component was envisioned as being most
useful in the common clinical scenario of isolating S. aureus (both MSSA
and MRSA) from culture of an MSK source specimen. The performance
of the ermA/B/C PCR on S. aureus positive samples alone collectively
demonstrated a sensitivity, specificity, positive and negative predictive
value of 80%, 96%, 67%, and 98% respectively (Table 3b).

3.5. Kingella kingae PCR

K. kingae PCR results were valid on all 184 samples tested. Of these,
only 2/184 (1%) samples had K. kingae identified by culture, both of
which had K. kingae appropriately identified by PCR testing. A third
specimen had a positive K. kingae PCR but was culture negative (Fig. 1,
Table 3c). Compared to culture, the K. kingae PCR had a sensitivity,
specificity, positive and negative predictive value of 100%, 99.5%,
66%, and 100% respectively (Table 3c).

4. Discussion

Decreasing the time to pathogen identification and susceptibility for
pediatric musculoskeletal infections can lead to faster appropriate an-
timicrobial therapy and improved clinical outcomes (Copley, 2009;
Paakkonen et al., 2013; Peltola and Paakkonen, 2014; Spruiell et al.,
2017). PCR-based diagnostic tools that target common bacteria have
shown promise in adult osteoarticular infections (Dubouix-Bourandy
et al., 2011; Titecat et al., 2012; Valour et al., 2014; Lourtet-Hascoett
et al., 2015; Sambri et al., 2017; Titecat et al., 2017). In particular, the
Xpert MRSA/SA SSTI assay has been evaluated on perioperative bone
and joint specimens in adult patients with excellent sensitivity and
specificity for MSSA, MRSA, and methicillin-resistant coagulase-nega-
tive Staphylococcus (100% and 98.3%, 100% and 100%, and 100% and
95.3% respectively) (Dubouix-Bourandy et al., 2011). This study de-
monstrates encouraging performance of our Musculoskeletal Diagnostic
Panel (MDP) to rapidly detect MSSA, MRSA, and K. kingae, with con-
siderable clinical utility among pediatric patients.

The Xpert MRSA/SA SSTI component had an 85% and 82% sensi-
tivity for S. aureus and MRSA respectively, compared to combined
culture. These values are slightly lower than the reported sensitivity

(94.4–100%) of the assay compared to culture on solid media in adult
osteoarticular infections or the 96–100% positive agreement when
testing swabs from skin and soft tissue infections (the FDA-cleared use
of the assay) (Wolk et al., 2009; Dubouix-Bourandy et al., 2011; Valour
et al., 2014). This somewhat lower sensitivity in our study is most likely
due to including broth as a component of our combined culture tech-
nique. Indeed, broth culture has been shown to increase sensitivity for
pathogen detection compared to culture on solid media alone in adult
osteoarticular infections (Blackmur et al., 2014). When broth culture
growth alone is considered culture negative, the sensitivity of the Xpert
MRSA/SA SSTI for S. aureus and MRSA increases (93% and 90% re-
spectively), and approaches results reported in adult patients. The high
sensitivity of broth-enriched culture described in this study suggests
that inoculation of bone and joint specimens into blood culture bottles
offers the most sensitive, although not rapid, means to pathogen iden-
tification and should be continued as part of the diagnostic workup for
these valuable specimens. In addition, the analytical sensitivity of the
Xpert MRSA/SA assay for detection of MRSA in bone tissue was lower
than for joint fluid and for S. aureus in bone or joint samples. This issue
likely contributed to the lower sensitivity we observed for MRSA with
the MDP.

A further advantage of the Xpert MRSA/SA assay is its ability to
rapidly infer the presence of MSSA, MRSA, and methicillin-resistant
coagulase negative staphylococci based on the amplification profiles of
the 3 gene targets (spa, mecA, and SCC). Although the test is designed
and cleared to report only S. aureus and MRSA, genotypic presence of S.
aureus in the absence of genotypic methicillin resistance suggests pre-
sence of MSSA. Among our isolates, 41/42 samples that had spa alone
detected with no genotypic methicillin resistance on Xpert MRSA/SA
assay were phenotypically identified as MSSA on standard culture
techniques. Only 2/182 (1%) of specimens were identified on Xpert
MRSA/SA assay as S. aureus that did not have MSSA/MRSA on original
culture results. However, both specimens were from the same patient
who had been admitted 1-month prior with a MSSA musculoskeletal
infection, suggesting that this “false positive” result from the Cepheid
testing was likely a “true positive.” Although the Xpert MRSA/SA SSTI
test was not more sensitive than standard microbiologic culture, it
clearly provides reliable rapid pathogen identification within several
hours of sample collection and allows for detection of S. aureus in pa-
tients who have been pretreated with antibiotics prior to obtaining
cultures (33% of specimens in this cohort). Overall, our retrospective
results suggest that the Xpert MRSA/SA SSTI assay has considerable
utility for rapid pathogen identification in pediatric MSK infections,
although further studies are needed to determine its potential clinical
impact in the routine care of such patients.

There is increasing interest in using molecular diagnostic techniques
to provide antimicrobial susceptibility results. Detection of clindamycin
resistance among acute MSK pathogens is clinically important as clin-
damycin is a frequently used oral antimicrobial option to treat acute
MSK infections. Therefore, genotypic evaluation of the erm gene, which
infers the MLS-B phenotype, was included in the MDP (Weisblum,
1995; Leclercq, 2002; Woods, 2009). The ermA and ermB PCRs both had

Table 3a
Comparison of Xpert MRSA/SA SSTI Assay to Culture Results.

Combined Culture Results Xpert MRSA/SA SSTI Assay Performance

MSSA MRSA Non-SA Bacterial
Growth

No Growth Total Sensitivity (95%
CI)

Specificity (95%
CI)

PPV (95% CI) NPV (95% CI)

Xpert MRSA/SA SSTI qPCR
Results

SA 41 1 2 0 44 85.4% (72–94%) 98% (94–100%) 93%
(81–98%)

95% (90–97%)

MRSA 0 9 0 0 9 81.8% (48–98%) 100% (98–100%) 100% (100%) 98.9%
(96–100%)

Negative 7 1 25 96 129
Total 48 11 27 96 182
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promising results in our study. Of the 11 erm-positive specimens, three
specimens had pathogens other than S. aureus identified on combined
culture. Two ermB positive samples were from cultures that had clin-
damycin-resistant Streptococcus pyogenes identified. S. pyogenes is well-
described as having the ability to obtain the ermB gene to express MLS-
B phenotypic resistance (Plainvert et al., 2015; Michos et al., 2016).
One ermC specimen was found on combined culture to have clin-
damycin-resistant Bacteroides fragilis. There are descriptions of B. fragilis
obtaining an ermF gene; suggesting that the positive ermC PCR in this
sample was cross-reacting with an ermF gene in this clindamycin-re-
sistant B. fragilis sample (Quesada-Gomez, 2011; Plainvert et al., 2015;
Michos et al., 2016; Soki et al., 2016). Since all three non-S. aureus
isolates were phenotypically clindamycin-resistant pathogens that have
had documented ability for erm gene acquisition, these 3/11 isolates
were considered “true positives” in our statistical analysis.

The ermC gene PCR did not perform well; none of the 5 samples with
ermC detected had MSSA-R/MRSA-R on combined culture. There are
several possible explanations for the ermC gene assay's low PPV. It is
possible that genotypic presence of an erm gene does not always confer
phenotypic clindamycin-resistance (Arthur et al., 1987; Weisblum,
1995; Maravic, 2004; Woods, 2009; Pereira et al., 2016). While erm
genes are known to be expressed in either a constitutive or inducible
manner, standard microbiologic testing using a D-test to assess in-
ducible resistance (CLSI gold standard testing) was negative on the
MSSA-S/MRSA-S samples in which ermC was detected. To our knowl-
edge, the description of an erm gene repressor mechanism has not been
previously described (Woods, 2009). Although designed to minimize
this possibility, the ermC primers might have cross-reacted with a se-
quence other than the ermC target in these specimens.

The final component of our MDP, the K. kingae PCR, had excellent
sensitivity, specificity, positive and negative predictive values when
compared to clinical truth, although only three K. kingae PCR-positive
specimens were identified. One of these specimens was culture-negative
but obtained from a 15-month old patient with septic arthritis of the
elbow and adjacent osteomyelitis of the radius who improved with dual
therapy of cephalexin and clindamycin. This clinical scenario is con-
sistent with a K. kingae MSK infection. Using clinical truth as supportive
evidence, our study adds further support to previous reports that PCR is
a more sensitive assay for diagnosing K. kingae infections (Verdier et al.,
2005; Chometon et al., 2007; Yagupsky, 2015). The overall K. kingae
prevalence in our population, however, was surprisingly low given
epidemiologic descriptions of K. kingae from 7 to 65% among patients
less than 4 years of age with acute MSK infections (Yagupsky et al.,
1993; Yagupsky and Dagan, 1997; Yagupsky et al., 2011; Yagupsky,
2015). Our low prevalence of K. kingae can partially be explained by
including specimens from patients diagnosed with non-infectious pro-
cesses. In addition, as samples were from a subset of all MSK patients
admitted to CHCO during this time, disproportionate banking of sam-
ples from older children may have falsely decreased the K. kingae pre-
valence. Twenty nine of the 125 patients were less than or equal to
4 years of age, of which 20 had an acute MSK infection. Limiting our
analysis to this subset of patients, 3/20 (15%) had K. kingae identified
by culture and/or MDP PCR, which is more consistent with published K.
kingae reviews in this age group. Alternatively, significant regional
variations in K. kingae epidemiology might exist and our results may
reflect a lower prevalence of K. kingae musculoskeletal infections than
has been described elsewhere.

When considering the utility of the MDP as a collective diagnostic
tool, our findings suggest that incorporation of the Xpert MRSA/SA SSTI
assay with the K. kingae PCR could offer a rapid and reliable method for
microbiological testing in pediatric patients with MSK infections. Based
on the low PPV for the ermC component in particular, the erm A/B/C
PCR testing will require further evaluation before inclusion in the MDP
diagnostic tool.

This study had several limitations. The MDP was performed on
banked, frozen specimens which may have resulted in decreased assayTa
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performance compared to using fresh specimens. Similarly, specimens
with low volumes were diluted to obtain appropriate sample volumes
required for our assays which may have decreased sensitivity. Similarly,
because the study was limited to specimens that had remnants re-
maining, our results may not reflect the performance of MDP in the
entire pediatric population with MSK infections. As we relied on
availability of convenience specimens, there is the potential for selec-
tion bias towards larger specimens from likely older patients which may
not be truly representative of acute pediatric musculoskeletal infec-
tions.

5. Conclusion

Overall our MDP, particularly the Xpert MRSA/SA SSTI and
Kingella-specific PCR components, demonstrated excellent sensitivity
and specificity. Importantly, these assays can provide pathogen detec-
tion up to 3 days sooner than culture and may have considerable value
as adjunctive tools to detect the most common pathogens in children
with MSK infections (Dubouix-Bourandy et al., 2011). Prospective
studies are needed to assess the usefulness of these assays to diagnose
MSK infections in children and their impact on clinical care.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.mimet.2018.12.004.
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