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We previously showed that culture of samples obtained by prosthesis vortexing and sonication was more sensitive than tissue
culture for prosthetic joint infection (PJI) diagnosis. Despite improved sensitivity, culture-negative cases remained; further-
more, culture has a long turnaround time. We designed a genus-/group-specific rapid PCR assay panel targeting PJI bacteria and
applied it to samples obtained by vortexing and sonicating explanted hip and knee prostheses, and we compared the results to
those with sonicate fluid and periprosthetic tissue culture obtained at revision or resection arthroplasty. We studied 434 subjects
with knee (n � 272) or hip (n � 162) prostheses; using a standardized definition, 144 had PJI. Sensitivities of tissue culture, of
sonicate fluid culture, and of PCR were 70.1, 72.9, and 77.1%, respectively. Specificities were 97.9, 98.3, and 97.9%, respectively.
Sonicate fluid PCR was more sensitive than tissue culture (P � 0.04). PCR of prosthesis sonication samples is more sensitive than
tissue culture for the microbiologic diagnosis of prosthetic hip and knee infection and provides same-day PJI diagnosis with def-
inition of microbiology. The high assay specificity suggests that typical PJI bacteria may not cause aseptic implant failure.

Accurate prosthetic joint infection (PJI) diagnosis is important,
since revision arthroplasty management depends on the pres-

ence or absence of infection (1). Diagnosis involves assessment for
purulence, sinus tract, histopathology, inflammatory markers, sy-
novial fluid cells/differential, and/or isolation of the microorgan-
ism(s) from multiple tissue cultures or from sonicate fluid culture
(1). Only cultures define microbiology, which is important for
directing antimicrobial therapy.

The sensitivity of tissue culture is 61 to 65% (2, 3). PJI micro-
organisms are in biofilms on the prosthesis surface. We previously
demonstrated that culture of material dislodged from the implant
surface after vortexing and sonication is more sensitive than tissue
culture (3–5). Despite improved sensitivity, culture-negative cases
remained, and culture is slow (up to 14 days).

Compared to culture, PCR is theoretically more sensitive,
faster, and not as affected by treatment. Several investigators have
preliminarily evaluated PCR for PJI diagnosis (2, 6–14), and most
have used 16S rRNA gene (rRNA) PCR (7–14). This method has
limitations since the bacteria detected are not identified (unless
sequenced), results may be nonspecific (due to background bac-
terial DNA in specimens/reagents), and polymicrobial infection
may be missed by sequencing or yield uninterpretable sequences
that demand extra analysis (e.g., use of RipSeq; Isentio AS, Para-
dis, Norway) before an interpretation can be provided. On the
other hand, an advantage of 16S rRNA PCR is that it is not limited
to certain types of bacteria.

A few studies have evaluated synovial fluid or tissue 16S rRNA
PCR (9, 11–13). Panousis et al. evaluated synovial fluid PCR for
samples from 91 subjects (12 with PJI) undergoing revision hip or
knee arthroplasty; sensitivity and specificity were 92 and 74%,
respectively (9). Fihman et al. evaluated synovial fluid and/or tis-
sue PCR on samples from 20 subjects with arthroplasties (13 with
PJI); sensitivity and specificity were 54 and 86%, respectively (12).
DeMan et al. analyzed tissue from 26 subjects with arthroplasties
(12 with PJI); PCR sensitivity was 50% (11). Vandercam et al.
analyzed tissue from 69 subjects (34 with PJI); PCR sensitivity and
specificity were 91 and 97%, respectively (13). Simultaneously

achieving high sensitivity and specificity may be challenging when
using broad-range PCR of synovial fluid or tissue (9, 11, 12).

Testing material dislodged from prosthesis surfaces may im-
prove performance. Dora et al. sonicated resected arthroplasties
from 69 subjects (14 with PJI); sonicate fluid broad-range PCR
sensitivity was 86%, but bacteria typically associated with water
were detected in those without PJI, possibly due to contamination
associated with sonication in bags (8). We previously reported
culture contamination associated with bag sonication, and we
counsel against this (15). Recently, we evaluated 16S rRNA PCR
results for sonicated knee and hip arthroplasties from 366 subjects
(135 with PJI); PCR sensitivity and specificity were 70 and 98%,
respectively (equivalent to sonicate fluid culture) (14).

Achermann et al. sonicated a small number of resected im-
plants in containers and tested sonicate fluid by using SeptiFast
(Roche Diagnostics, Basel, Switzerland), a commercial multiplex
real-time PCR assay designed for testing blood and that does not
target Propionibacterium or Corynebacterium species (2). Culture
and PCR sensitivity were not statistically different (62 and 78%,
respectively). Also, only 37 PJI cases were analyzed, limiting the
study’s power. Portillo et al. recently published a similar study, but
they only studied 24 infected resected arthroplasties (16).

We developed a genus-/group-specific rapid real-time closed
system PCR assay panel that targets bacteria typically associated
with PJI and applied it to vortexed and sonicated implants, hy-
pothesizing that this would sensitively and rapidly detect PJI. We
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evaluated a large cohort of subjects and compared this approach
with tissue and sonicate fluid culture.

(Presented in part at the 110th General Meeting of the Ameri-
can Society for Microbiology, 23 to 27 May 2010, San Diego, CA,
and at the 51st Interscience Conference on Antimicrobial Agents
and Chemotherapy, 17 to 20 September 2011, Chicago, IL.)

MATERIALS AND METHODS
Study population. A total of 449 hip or knee prostheses (complete or
partial) removed between 20 April 2006 and 14 May 2011 from 438 Mayo
Clinic subjects were studied. All implants and �2 tissue samples/joint
were cultured. The study was approved by the Mayo Clinic Institutional
Review Board. Only the first implant culture per subject was studied.
Polyethylene liner exchanges alone were excluded.

Diagnosis of prosthetic joint infection. PJI was diagnosed if �1 of the
following was present: acute inflammation on periprosthetic tissue histo-
pathology, joint space purulence, or a sinus tract (1, 17). Aseptic failure
was defined as prosthesis failure without these criteria. Previous antimi-
crobial therapy was defined as treatment during the 28 days preceding
surgery. An infectious disease physician with expertise in bone and joint
infection (J. M. Steckelberg), unaware of PCR results, reviewed select
cases. An infectious diseases pathologist (B. S. Pritt) blindly reviewed
specimens not clearly classified as showing or not showing acute inflam-
mation.

Specimen collection. Intraoperatively, tissues were collected for mi-
crobiology and histopathology. Prosthesis components were placed in a
1-liter, sterilized, straight-sided, wide-mouthed polypropylene jar (Nal-
gene, Rochester, NY) and processed within 6 h. Results for blood leuko-
cyte count within one preoperative week and erythrocyte sedimentation
rate (ESR), C-reactive protein (CRP), and synovial fluid leukocyte count,
differential, and culture within six preoperative months were recorded.

Conventional microbiologic methods. Tissue was homogenized in
brain heart infusion broth for 1 min and inoculated onto aerobic sheep
blood, chocolate, and anaerobic blood agar and into thioglycolate broth
(BD Diagnostic Systems, Sparks, MD). Aerobic plates were incubated at
35 to 37°C in 5 to 7% CO2 for 2 to 4 days. Anaerobic plates were anaero-
bically incubated at 35 to 37°C for 7 days through 18 April 2011, and 14
days thereafter. Thioglycolate broth, incubated for 7 days through 18
April 2011 and 14 days thereafter, was subcultured if cloudy. Two defini-
tions of tissue culture positivity were evaluated: any growth, and �2 pos-
itive tissues with the same organism.

Synovial fluid volumes of �1 ml were inoculated into a Bactec Peds
Plus/F bottle and incubated on a Bactec 9240 instrument (BD Diagnostic
Systems, Sparks, MD) for 5 days (18). Smaller volumes were inoculated
onto aerobic sheep blood and chocolate agar and aerobically incubated for
2 to 4 days and onto anaerobic blood agar and into thioglycolate broth and
anaerobically incubated for 7 days through 18 April 2011 and 14 days
thereafter. Any growth was considered positive.

Prosthesis vortexing and sonication. We used a previously described
implant processing technique (3) with a modification to concentrate son-
icate fluid (4–5, 19). After sonication (3), sonicate fluid was centrifuged in
50-ml aliquots at 4,000 rpm (3,150 � g) for 5 min, and all but 0.5 ml in the
bottom was discarded. Concentrated fluid was plated in 0.1-ml aliquots
onto aerobic sheep blood, chocolate, and anaerobic sheep blood agar
plates. Aerobic and anaerobic plates were incubated aerobically for 2 to 4
days and anaerobically for 14 days, respectively. Microorganism numbers
were classified and reported as �20, 20 to 50, 51 to 100, or �100 CFU/
plate. Growth of �20 CFU/plate was considered significant (19).

Ten-assay real-time PCR panel. A panel of real-time fluorescence
resonance energy transfer probe PCR assays that detects multiple bacterial
pathogens typically considered causes of PJI (staphylococci, streptococci,
Enterobacteriaceae, anaerobic Gram-positive cocci, Enterococcus/Granuli-
catella/Abiotrophia spp., Propionibacterium/Actinomyces spp., Pseudomo-
nas aeruginosa, Corynebacterium spp., and Bacteroides fragilis group) with
use of the LightCycler 1.0 instrument (Roche Applied Science, Indianap-

olis, IN) was designed using a previously reported strategy (Table 1) (20).
Cross-reactivity/inclusivity were evaluated using DNA from 354 isolates
from biofilm-associated diseases (Table 2). The Staphylococcus and P.
aeruginosa assays were adapted from that described by Sakai and Qin,
respectively (21, 22), and the Corynebacterium assay was from our previ-
ous work (20).

Nucleic acid extraction from sonicate fluid. One milliliter of concen-
trated sonicate fluid was extracted using the DNA-free QIAamp UCP
pathogen minikit (Qiagen, Valencia, CA) and eluted in a volume of 100
�l. A human �-globin control (LightCycler control kit DNA; Roche Mo-
lecular Biochemicals, Indianapolis, IN) was run for each patient specimen
to assess PCR inhibition. Briefly, a 110-bp fragment of the �-globin gene
was amplified and detected by fluorescence using SYBR green I reaction
mix (Roche Applied Science, Indianapolis, IN). Turnaround time was
�4.5 h, including 0.5, 2.5, and 1.5 h for vortexing/sonication, extraction,
and PCR, respectively.

Statistical analysis. Baseline characteristics of the study groups were
summarized as frequencies and percentages or medians and compared
using the Wilcoxon rank-sum test or chi-square test, as appropriate. Sen-
sitivities and specificities were compared using McNemar’s test of paired
proportions. Sensitivity, specificity, and positive and negative values were
estimated along with 95% exact binomial confidence intervals. P values of
�0.05 were considered statistically significant. Analyses were performed
using the SAS statistical software package, version 9.1 (SAS Institute Inc.,
Cary, NC).

RESULTS
Study population. Eleven implants were excluded because only
the first implant culture per subject was studied, and four were
excluded due to polyethylene liner exchange alone. Of the remain-
ing 434 subjects, 272 had knee and 162 hip prostheses studied; 290
had aseptic failure and 144 had PJI; 244 underwent first revision
and 190 a second (or greater) revision; 414 had complete and 20
had partial hardware removal (Table 3). The groups were similar
in age, gender, reason for arthroplasty, and joint site. Second (or
greater) revision and diabetes were more frequent in the PJI group
(P � 0.004 and 0.003, respectively). A blood leukocyte count of
�10 � 109/liter, ESR of �30 mm/h, and CRP of �10 mg/liter
were more common with PJI versus aseptic failure (P � 0.005,
�0.001, and �0.001, respectively). A synovial fluid leukocyte
count of �1,700/�l and differential of �65% neutrophils were
more common with PJI than aseptic failure (P � 0.001).

Comparison of microbiologic tests. The sensitivities of soni-
cate fluid PCR and culture to detect PJI were 77.1 and 72.9%,
respectively (P � 0.13). Tissue culture with positive defined as any
growth had the highest sensitivity (82.6%) but the lowest specific-
ity (84.5%). Tissue culture when defined as �2 tissues with the
same organism had a lower sensitivity (70.1%), but improved
specificity (97.9%); this definition was applied for subsequent
comparisons. Sensitivity of tissue culture was lower than that for
sonicate fluid PCR (P � 0.04) and equivalent to that for sonicate
fluid culture (P � 0.41) and synovial fluid culture (66.3%; P �
0.29) (Table 4). The specificities of PCR, sonicate fluid culture,
and synovial fluid culture were similar, 97.9, 98.3, and 96.9%,
respectively (Table 4).

Conventional microbiologic results. Using a definition of
positivity of �2 tissues with the same organism, 101/144 and
6/290 subjects with and without PJI, respectively, had positive
tissue cultures (Fig. 1; Table 4). The six aseptic failures with posi-
tive tissue cultures included Propionibacterium spp. (n � 4) and
coagulase-negative staphylococci (SCN; n � 2). Synovial fluid
culture was performed for 250 subjects; 59/89 and 5/161 with and

Molecular Diagnosis of PJI

July 2013 Volume 51 Number 7 jcm.asm.org 2281

http://jcm.asm.org


T
A

B
LE

1
R

ea
l-

ti
m

e
P

C
R

as
sa

y
pa

n
el

de
si

gn

T
ar

ge
t

or
ga

n
is

m
a

T
ar

ge
t

ge
n

e

Fr
ag

m
en

t
si

ze

(b
p)

Fo
rw

ar
d/

re
ve

rs
e

pr
im

er
se

qu
en

ce
s

(5
=–

3=
)

P
ro

be
se

qu
en

ce
s

(5
=–

3=
)b

M
g2�

co
n

cn

(m
M

)

P
ri

m
er

co
n

cn
s

(f
or

w
ar

d/

re
ve

rs
e,

in

�
M

)

C
yc

lin
g

pa
ra

m
et

er
s

Li
m

it
of

de
te

ct
io

n

(C
FU

/m
lo

fs
on

ic
at

e

fl
u

id
)

%
in

cl
u

si
vi

ty
c

%
cr

os
s-

re
ac

ti
vi

ty
c

A
n

n
ea

l

te
m

p

(°
C

)

A
n

n
ea

l

ti
m

e

(s
)

N
o.

of cy
cl

es

St
ap

hy
lo

co
cc

us
(2

2)
tu

fd
44

7
C

A
A

T
G

C
C

A
C

A
A

A
C

T
C

G
/

G
C

T
T

C
A

G
C

G
T

A
G

T
C

T
A

A
C

G
G

C
C

T
G

T
A

G
C

A
A

C
A

G
T

A
C

-F
L,

e
LC

64
0-

C
G

A
C

C
A

G

T
G

A
T

T
G

A
G

A
A

T
A

C
G

T
C

C
e ,G

G
C

G
A

T
G

C
T

C
A

A
T

A
C

G
A

A
G

A
A

A
A

A
A

T
C

-F
L,

f

LC
70

5-
A

G
A

A
T

T
A

A
T

G
G

A
A

G
C

T
G

T
A

G
A

T
A

C
f

3
1/

1
55

8
36

55
0

SC
N

ID
R

L-
7,

37
1,

32
5

S.
au

re
us

A
T

C
C

43
30

0

10
0

(2
01

/2
01

)
0

(0
/1

53
)

St
re

pt
oc

oc
cu

s
rp

oB
g

13
7

C
C

G
G

H
C

G
T

C
A

C
G

G
W

A
A

/

C
C

A
T

A
C

C
A

A
G

R
T

G
A

A
G

Y
T

C
C

A
T

A

G
G

A
A

C
G

C
C

A
G

T
T

G
A

T
A

T
C

A
T

G
Y

T
K

A
A

Y
C

C
-F

L,

LC
64

0-
C

T
T

G
G

G
G

T
G

C
C

A
T

C
A

C
G

K
A

T
G

A
A

4
0.

4/
4

57
15

35
11

0
S.

ag
al

ac
ti

ae
,1

15

S.
pn

eu
m

on
ia

e

10
0

(1
5/

15
)h

0
(0

/3
39

)

E
nt

er
oc

oc
cu

s/

G
ra

nu
lic

at
el

la
/

A
bi

ot
ro

ph
ia

rp
oB

14
3

C
G

Y
G

A
A

G
C

Y
G

G
C

G
A

T
G

A
A

T
/

A
W

G
G

C
A

T
R

T
C

T
T

C
T

T
C

Y
G

G
C

C
A

Y
G

A
A

G
G

R
G

A
T

A
A

R
A

T
G

G
C

SG
G

-F
L,

LC
64

0-
G

T
C

A
Y

G
G

W
A

A
T

A
A

A
G

G
G

G
T

Y
G

T
W

T
C

4
0.

4/
4

55
8

35
20

0
E

.f
ae

ca
lis

10
0

(1
4/

14
)i

0
(0

/3
40

)

E
nt

er
ob

ac
te

ri
ac

ea
e

ot
h

er
th

an

P
ro

te
us

rp
oB

18
5

T
C

T
G

C
W

A
T

Y
G

A
A

G
A

A
G

G
C

A
A

C
T

/

A
T

C
A

G
G

G
A

H
G

C
A

C
C

R
A

C

G
C

T
T

G
T

T
C

A
G

C
C

G
C

G
A

C
C

-F
L,

LC
64

0-
G

T
T

G
A

C
T

A
C

A
T

G
G

A
C

G
T

A
T

C
C

A
C

C
C

A
G

C

3.
5

0.
4/

2
55

8
35

19
0

E
.c

ol
i

83
.3

(2
0/

24
)j

0
(0

/3
30

)

G
ra

m
-p

os
it

iv
e

an
ae

ro
bi

c
co

cc
i

16
S rR

N
A

16
2

T
C

G
C

G
T

C
Y

SA
T

T
A

G
C

T
A

G
T

/

G
C

T
G

C
A

T
C

A
G

R
G

T
T

Y
C

C

C
A

C
A

T
T

G
G

R
A

C
T

G
A

G
A

H
A

C
G

G
Y

-F
L,

LC
64

0-
A

R
A

C
T

C
C

T
A

C
G

G
G

A
G

G
C

A
G

C
A

G

2.
5

0.
4/

2
57

8
35

10
F.

m
ag

na
10

0
(1

2/
12

)
0

(0
/3

42
)

P
ro

pi
on

ib
ac

te
ri

um
/

A
ct

in
om

yc
es

16
S rR

N
A

24
3

C
G

G
A

T
T

T
A

T
T

G
G

G
C

G
T

A
A

A
G

R
/

A
G

G
G

T
A

T
C

T
A

A
G

C
C

T
G

T
T

C
G

G
G

C
G

A
A

G
G

C
G

G
T

T
C

T
C

T
G

-F
L,

LC
64

0-
C

C
T

T
T

C
C

T
G

A
C

G
C

T
G

A
G

R
A

G
C

G

2.
5

0.
4/

2
55

8
35

20
0

P
.a

cn
es

10
0

(5
2/

52
)k

0.
3

(1
/3

02
)l

P
.a

er
ug

in
os

a
(2

1)
gy

rB
m

22
2

C
C

T
G

A
C

C
A

T
C

C
G

T
C

G
C

C
A

C
A

A
C

/

C
G

C
A

G
C

A
G

G
A

T
G

C
C

G
A

C
G

C
C

G
G

C
G

A
G

A
C

C
G

A
T

G
G

C
T

-F
L,

LC
64

0-
G

G
C

A
C

C
G

A
A

G
T

T
C

A
C

T
T

C
A

A
G

C
C

G

2.
5

0.
4/

1
55

8
35

20
0

10
0

(1
0/

10
)

0
(0

/3
44

)

C
or

yn
eb

ac
te

ri
um

n

(2
0)

K
in

as
en,

o
14

3
(f

or
w

ar
d/

re
ve

rs
e

1)
,

14
9

(f
or

w
ar

d/

re
ve

rs
e2

)

C
G

R
T

T
G

T
A

C
C

A
R

G
A

R
C

G
G

T
/

G
C

A
C

C
T

SA
A

Y
C

C
SC

G
T

(r
ev

er
se

1)
,

C
A

A
C

G
A

G
C

A
C

C
T

SA
A

C
C

C

(r
ev

er
se

2)

T
A

G
C

G
C

T
G

G
A

A
G

T
A

C
C

A
SG

A
G

G
T

-F
L,

LC
64

0-
G

A
C

T

C
R

C
G

C
G

G
C

G
A

C
G

G
,

LC
70

5-
G

A
C

T
C

G
C

G
C

T
C

G
G

A
A

G
G

4
0.

4/
2

57
10

35
20

0
C

.t
ub

er
cu

lo
-

st
ea

ri
cu

m
,4

40
C

.

je
ik

ei
um

80
(4

/5
)p

0
(0

/3
49

)

P
ro

te
us

rp
oB

18
3

C
T

G
T

C
W

G
C

A
A

T
T

G
A

A
G

A
A

G
G

T
A

A
C

T
/

G
G

A
T

C
A

G
T

G
A

W
G

C
A

C
C

G
A

C
T

T
G

C
C

G
T

C
A

T
A

R
A

G
G

Y
G

-F
L,

LC
70

5-
T

C
A

A
G

Y
T

T
A

T
T

T
A

G
T

C
G

T
G

A
T

2.
5

0.
4/

2
55

8
35

52
P

.v
ul

ga
ri

s
10

0
(4

/4
)

0
(0

/3
50

)

B
.f

ra
gi

lis
gr

ou
p

le
uB

q
18

5
C

G
T

C
C

T
G

A
G

A
T

A
G

A
A

C
G

/

G
C

A
G

C
A

T
T

A
T

C
C

A
C

A
A

A
C

A
T

A
T

A
A

C
T

T
G

C
T

T
C

C
A

G
T

C
G

T
C

T
A

T
G

G
A

-F
L,

LC
64

0-
C

A
G

A
T

T
G

C
A

C
A

A
G

A
A

A
T

G
G

C
G

C
C

G
C

2.
5

0.
4/

2
55

8
35

15
0

B
.f

ra
gi

lis
92

.3
(1

2/
13

)r
0

(0
/3

41
)

a
R

ef
er

en
ce

s
ar

e
gi

ve
n

in
pa

re
n

th
es

es
.

b
FL

,fl
u

or
es

ce
in

;L
C

64
0,

Li
gh

tC
yc

le
r

R
ed

64
0;

LC
70

5,
Li

gh
tC

yc
le

r
R

ed
70

5.
c

C
al

cu
la

te
d

ba
se

d
on

35
4

is
ol

at
es

.
d

tu
f,

el
on

ga
ti

on
fa

ct
or

T
u

.
e

P
an

St
ap

h
H

P
1

an
d

H
P

2,
pr

ob
es

th
at

de
te

ct
St

ap
hy

lo
co

cc
us

au
re

us
an

d
SC

N
.

f
SA

tu
fH

P
1

an
d

H
P

2,
S.

au
re

us
-s

pe
ci

fi
c

pr
ob

es
.

g
rp

oB
en

co
de

s
th

e
�

-s
u

bu
n

it
of

R
N

A
po

ly
m

er
as

e.
h

S.
ag

al
ac

ti
ae

po
si

ti
ve

,w
it

h
a

T
m

of
63

°C
,c

om
pa

re
d

to
T

m
s

of
�

60
°C

fo
r

ot
h

er
St

re
pt

oc
oc

cu
s

sp
p.

i
T

h
e

G
.a

di
ac

en
s

(n
�

3)
an

d
A

bi
ot

ro
ph

ia
sp

ec
ie

s
is

ol
at

es
h

ad
T

m
s

of
58

°C
an

d
50

°C
,r

es
pe

ct
iv

el
y,

co
m

pa
re

d
to

55
°C

fo
r

th
e

E
nt

er
oc

oc
cu

s
sp

.i
so

la
te

.
j
T

h
e

fo
u

r
n

eg
at

iv
e

is
ol

at
es

w
er

e
M

or
ga

ne
lla

m
or

ga
ni

i,
P

an
to

ea
ag

gl
om

er
an

s,
P

ro
vi

de
nc

ia
re

tt
ge

ri
,a

n
d

Se
rr

at
ia

liq
ue

fa
ci

en
s.

k
T

h
e

A
ct

in
om

yc
es

sp
p.

h
ad

T
m

s
of

�
56

°C
,c

om
pa

re
d

to
61

to
63

°C
fo

r
P

ro
pi

on
ib

ac
te

ri
um

sp
p.

l
C

or
yn

eb
ac

te
ri

um
am

yc
ol

at
um

po
si

ti
ve

,w
it

h
a

T
m

of
58

°C
.

m
gy

rB
en

co
de

s
D

N
A

gy
ra

se
B

.
n

T
h

is
as

sa
y

u
se

s
on

e
fo

rw
ar

d
an

d
tw

o
re

ve
rs

e
pr

im
er

s
an

d
th

re
e

pr
ob

es
in

th
e

sa
m

e
re

ac
ti

on
,p

ri
m

er
re

ve
rs

e
1

an
d

pr
ob

e
LC

70
5-

G
A

C
T

C
G

C
G

C
T

C
G

G
A

A
G

G
,s

pe
ci

fi
c

fo
r

th
e

re
si

st
an

t
sp

ec
ie

s
(C

.j
ei

ke
iu

m
an

d
C

.u
re

al
yt

ic
um

).
o

P
ol

yp
h

os
ph

at
e

ki
n

as
e

ge
n

e,
co

rr
es

po
n

di
n

g
to

pv
dS

2
of

C
.j

ei
ke

iu
m

K
41

1
(N

C
_0

07
16

4)
.

p
C

or
yn

eb
ac

te
ri

um
gr

ou
p

F1
n

eg
at

iv
e.

q
le

uB
en

co
de

s
�

-i
so

pr
op

yl
m

al
at

e
de

h
yd

ro
ge

n
as

e.
r

B
.c

ac
ca

e
n

eg
at

iv
e.

Cazanave et al.

2282 jcm.asm.org Journal of Clinical Microbiology

http://jcm.asm.org


without PJI, respectively, were positive (Table 4). Finally, 105/144
and 5/290 with or without PJI had positive sonicate fluid cultures
(Fig. 1; Table 4); the aseptic failures with positive cultures in-
cluded SCN (n � 2), viridans group streptococcus (VGS; n � 1),
Propionibacterium spp. plus Clostridium perfringens (n � 1), and

Staphylococcus aureus (n � 1), and these cases were distinct from
tissue culture-positive aseptic failure cases.

Sonicate fluid PCR. The �-globin gene was detected in all son-
icate fluids. A total of 111 (77.1%) subjects with PJI and 6 (2.1%)
with aseptic failure had a positive sonicate fluid PCR result (Fig. 1;
Table 4). Among those with PJI, the Staphylococcus assay was most
frequently positive, followed by the Streptococcus and Enterococcus
assays. The Streptococcus assay differentiates S. agalactiae from
other species by melting temperature (Tm) analysis. Three of 11
streptococcal PCR-positive sonicate fluids were consistent with S.
agalactiae, concordant with culture. Similarly, one sonicate fluid
was Enterococcus/Granulicatella/Abiotrophia PCR positive with a
Tm consistent with Granulicatella adiacens (58°C); culture re-
vealed G. adiacens. The Propionibacterium/Actinomyces assay was
positive for three subjects, with a Tm consistent with Actinomyces
spp. (�58°C); cultures from all three subjects grew Actinomyces
spp.

The panel detected 11 polymicrobial infections, including a
positive staphylococcal result in 10. Eight of 11 had a sinus tract.
For five, two assays were positive (Staphylococcus plus Propi-
onibacterium assays, n � 2; Staphylococcus plus Enterococcus, n �
2; Staphylococcus plus Enterobacteriaceae, n � 1). For the other six,
three (n � 2) or four (n � 4) assays were positive.

Among the PJI subjects, 33 (22.9%) had negative PCR results
(see Table S1 in the supplemental material). Four were infected
with an organism not detectable by PCR (two fungal, one Capno-
cytophaga canimorsus, and one Mycobacterium sp.). Tissue and
sonicate fluid cultures were negative in 24. Five had positive tissue
cultures for S. aureus, of which three had S. aureus cultured from
sonicate fluid.

Six (2.1%) subjects with aseptic failure had positive PCR re-
sults (SCN [n � 2], streptococci [n � 3], and Enterobacteriaceae
[n � 1]). For the two subjects PCR positive for SCN (cases 89 and
252), sonicate fluid cultures and single tissue cultures grew SCN.
For the three subjects PCR positive for Streptococcus, one sonicate
fluid culture was positive for VGS (case 73), one subject (case 397)
had a prior S. agalactiae infection in the same joint, and for the last
subject (case 299) all the cultures were negative and vancomycin
(given during 18 days before surgery) was stopped after surgery.
For the subject PCR positive for Enterobacteriaceae in sonicate
fluid (case 321), sonicate fluid culture and tissue culture were
negative.

Discordant results between sonicate fluid PCR and culture.
There were 24 discordant results between sonicate fluid PCR and
culture (see Table S2 in the supplemental material). Eleven PJIs
were detected by PCR alone. For 6 out of 11, the Staphylococcus
PCR was positive. Eight had received antibiotics. There were 8 out
of 11 PJI subjects who had positive tissue and/or synovial fluid
cultures; cultures were concordant with PCR results (except for
case 110, where tissue culture revealed SCN and PCR indicated S.
aureus). Review of the records of the other three showed that in
two (cases 250 and 280), the same microorganism identified by
PCR had been identified by antecedent culture.

For two subjects with PJI (cases 175 and 245), the Enterobacte-
riaceae assay was positive; sonicate fluid cultures did not grow
Enterobacteriaceae. Case 245 had one tissue culture positive for
Klebsiella pneumoniae. For two subjects with PJI (cases 236 and
164), sonicate fluid cultures were positive for organisms not tar-
geted by the PCR panel (Candida albicans and Capnocytophaga
canimorsus, respectively) and PCR was negative. For the remain-

TABLE 2 Isolates, from patients with biofilm-associated disease, that
were used for analytical assay validationa

Group and species No. of isolates (total n � 354)

Staphylococcus spp. 201
S. aureus 85
Coagulase-negative Staphylococcus spp. 116

S. epidermidis 80
S. lugdunensis 16
S. warneri 8
S. capitis 3
S. caprae 3
S. simulans 3
Otherb 3

Propionibacterium spp. 41
P. acnes 29
P. avidum 10
P. granulosum 2

Enterobacteriaceae 28
Escherichia coli 5
Enterobacter cloacae 4
Proteus mirabilis 3
Klebsiella pneumoniae 3
Klebsiella oxytoca 2
Otherc 11

Streptococcus spp. 15
S. agalactiae 3
S. dysgalactiae 3
S. pyogenes 2
S. pneumoniae 2
S. salivarius 2
Otherd 3

Bacteroides fragilis group 13
B. fragilis 8
B. thetaiotaomicron 2
Othere 3

Gram-positive anaerobic cocci 12
Finegoldia magna 8
Otherf 4

Actinomyces spp.g 11
Pseudomonas aeruginosa 10
Enterococcus faecalis 9
Corynebacterium spp.h 5
Granulicatella adiacens 3
Abiotrophia defectiva 2
Otheri 4
a Categories shown in boldface were targeted with specific assays.
b Includes one S. haemolyticus, one S. hominis, and one S. saprophyticus isolate.
c Includes one Citrobacter freundii, one C. koseri, one E. aerogenes, one Morganella
morganii, one Pantoea agglomerans, one P. vulgaris, one Providencia rettgeri, one
Salmonella sp., one Serratia liquifaciens, one S. marcescens, and one Shigella flexneri
isolate.
d Includes one S. anginosus, one S. mitis, and one S. mutans isolate.
e Includes one B. caccae, one B. distasonis, and one B. ovatus isolate.
f Includes one Peptoniphilus asaccharolyticus, one P. harei, one Parvimonas micra, and
one Anaerococcus prevotii isolate.
g Includes three A. neuii, three A. odonolyticus, two A. naeslundii, one A. meyeri, one A.
viscosus, and one A. radingae isolate.
h Includes one C. amycolatum, one C. simulans, one C. propinquum, one
Corynebacterium sp. group F1, and one C. afermentans.
i Includes one Candida parapsilosis, one Dermabacter hominis, one P. fluorescens, and
one S. saccharolyticus isolate.
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ing six (cases 38, 211, 259, 342, 425, and 428), sonicate fluid cul-
tures were positive for staphylococci; one had Enterococcus spp.
additionally cultured and a positive Enterococcus PCR. Staphylo-
coccus PCR was positive for three of the six on repeat testing. One
sonicate fluid culture with S. aureus (case 38) was possibly con-
taminated during processing; the subject underwent a one-stage

exchange, received 2 weeks of oral antimicrobial therapy, and was
well 1 year later.

There were three aseptic failures with positive PCR result and
negative sonicate fluid cultures. For two (cases 299 and 321), no
prolonged antimicrobial therapy was administered after surgery,
and they were well at the 2-year follow-up. The third (case 397)

TABLE 3 Characteristics of the 434 patients with or without PJI

Characteristic

Value for patient group

P value
Patients with aseptic failure
(total n � 290)

Patients with prosthetic joint
infection (n � 144)

Age (yrs) 0.53
Median 68 66
Range 24–91 31–92

Gender [n (%)] 0.14
Male 131 (45.2) 76 (52.8)
Female 159 (54.8) 68 (4..2)

Reason for primary arthroplasty [n (%)] 0.43
Osteoarthritis 208 (71.7) 108 (75)
Bone fracture or trauma 44 (15.2) 19 (13.2)
Inflammatory joint disordera 20 (6.9) 8 (5.5)
Avascular necrosis 12 (4.1) 3 (2.1)
Congenital abnormality 2 (0.7) 4 (2.8)
Otherb 4 (1.4) 2 (1.4)

Second (or more) revision [n (%)] 0.004
No 177 (61.0) 67 (46.5)
Yes 113 (39.0) 77 (53.5)

Hardware removal [n (%)] 1.00
Partial 14 (4.8) 6 (4.2)
Complete 276 (95.2) 138 (95.8)

Risk factor for PJI [n (%)] 0.002
Diabetes mellitus 35 (12.1) 33 (22.8) 0.003
Long-term use of immunosuppressive therapyc 2 (0.7) 4 (2.8) 0.10

Site of arthroplasty [n (%)] 0.87
Knee 181 (62.4) 91 (63.2)
Hip 109 (37.6) 53 (36.8)

Antecedent antimicrobial therapy [n/total no. evaluated (%)] 24/284 (8.4) 58/134 (43.3) �0.0001

Diagnostic criterion for PJI
Acute inflammation [n/total no. evaluated (%)] 0/290 (0) 90/112 (80.4)
Purulence [n (%)] 0 112 (77.8)
Sinus tract [n (%)] 0 39 (27.1)

Preoperative laboratory findings [n/total no. evaluated (%)]
Blood leukocyte count � 10 � 109/literd,e 17/231 (7.4) 21/123 (17.1) 0.005
Erythrocyte sedimentation rate � 30 mm/hd,f 44/266 (16.5) 83/135 (61.5) �0.0001
Serum C-reactive protein � 10 mg/literd,f 53/266 (19.9) 109/136 (81.2) �0.0001
Synovial fluid leukocyte count � 1,700/�lf,g 33/140 (23.6) 63/71 (88.7) �0.0001
Synovial fluid differential � 65% neutrophilsf,g 15/137 (10.9) 61/71 (85.9) �0.0001

a Includes rheumatoid arthritis, ankylosing spondylitis, and systemic lupus erythematosus.
b Includes bone neoplasia, arthrofibrosis, polymyalgia rheumatica, reflex sympathetic dystrophy, and acromegaly.
c Includes corticosteroids, methotrexate, and tumor necrosis factor inhibitors.
d The cutoff was taken from Bernard et al. (23).
e Within one preoperative week.
f Within six preoperative months.
g The cutoff was taken from Trampuz et al. (24), a study that excluded patients with underlying inflammatory joint diseases or connective tissue diseases and evaluated only knee
arthroplasties.
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had a prior beta-hemolytic Streptococcus infection and was pre-
scribed antibiotics for 6 weeks; the Streptococcus PCR assay results
were compatible with S. agalactiae.

Previous antimicrobial therapy. Of subjects with PJI, 58
(43.3%) and 33 (24.6%) had received antimicrobial therapy
within 28 and 14 days prior to surgery, respectively (Table 3).
Among subjects receiving antibiotics within 14 days of surgery,
69.7% had positive tissue and sonicate fluid cultures and 87.9%
had positive sonicate fluid by PCR (P � 0.01). Among subjects

receiving antibiotics within 28 days of surgery, 86.2, 77.6, and
75.9% had a positive PCR, sonicate fluid culture, and tissue cul-
ture, respectively.

DISCUSSION

A molecular approach, applied to biofilms dislodged from an im-
plant surface of a resected hip or knee arthroplasty, can sensitively
and rapidly detect PJI. The described PCR panel, applied to im-
plant-derived sonicate fluid, is more sensitive than tissue culture
and, for those patients receiving antibiotics within 14 days of sur-
gery, more sensitive than sonicate fluid culture.

PCR had similar specificity to culture of sonicate fluid, tissue,
or synovial fluid, with only six aseptic failures with positive results.
Based on medical record review, and also using a culture-based PJI
definition (25), the two Staphylococcus PCR-positive subjects were
considered to have PJI. One Streptococcus PCR-positive subject,
classified as having aseptic failure, had had a history of Streptococ-
cus PJI and was managed accordingly. This positive PCR result
may reflect killed rather than live organisms, since the patient had
received antibiotics for 17 days before surgery. It is therefore likely
that three of the six false-positive results were misclassified cases.

PCR offers definitive results in half a day, compared with 1 to
14 days for culture. Preoperative administration of antimicrobial
agents (including those administered for suppression of PJI and
discontinued within the month before surgery) may affect culture
sensitivity (3). The PCR panel was less affected than culture by
prior antibiotics. In some subjects, PCR was positive after more
than 1 month of antibiotic treatment, demonstrating persistence

TABLE 4 Comparison of microbiologic tests for diagnosis of PJI

Test

No. of patients with
positive specimens and:

Sensitivity
(95% CI)

Specificity
(95% CI)

Positive
predictive value
(95% CI)

Negative
predictive value
(95% CI)

Aseptic failure
(n � 290)

PJI
(n � 144)

Synovial fluid culturea 5/161 59/89 66.3 (55.5–76.0) 96.9 (92.9–99.0) 92.2 (82.7–97.4) 83.9 (77.8–88.8)

Tissue culture
Any growth 45 119 82.6 (75.4–88.4) 84.5 (79.8–88.5) 72.6 (65.1–79.2) 90.7 (86.6–93.9)
�2 positive tissues (same organism) 6 101 70.1 (62.0–77.5) 97.9 (95.6–99.2) 94.4 (88.2–97.9) 86.9 (82.7–90.3)

Sonicate fluid culture 5 105 72.9 (64.9–80.0) 98.3 (96.0–99.4) 95.5 (89.7–98.5) 88.0 (83.9–91.3)

Sonicate fluid PCR (10-assay panel)
Any positive result 6 111 77.1 (69.3–83.7) 97.9 (95.6–99.2) 94.9 (89.2–98.1) 89.6 (85.7–92.7)
Staphylococcus species 2 75

S. aureus 0 28
Coagulase-negative staphylococci 2 47

Streptococcus species 3 11
Enterococcus/Granulicatella/Abiotrophia species 0 11
Enterobacteriaceae 1 8
Gram-positive anaerobic cocci 0 8
Propionibacterium species 0 8
P. aeruginosa 0 5
Corynebacterium species 0 4

C. jeikeium/C. urealyticum 0 0
Non-C. jeikeium species 0 4

Proteus species 0 1
B. fragilis group 0 0

a Denominators are smaller for synovial fluid cultures because samples from fewer patients were submitted for this test.

FIG 1 Positive microbiologic results (albeit not necessarily concordant with
respect to the organism detected) for patients with prosthetic joint infection.
Superscript symbol definitions: a, cases 200 (Mycobacterium abscessus), 298
(Staphylococcus aureus), and 369 (polymicrobial, including S. aureus); b, cases
164 (Capnocytophaga canimorsus), 236 (Candida albicans), and 211, 259, and
425 (all three S. aureus); c, cases 214, 250, 280, and 379; d, cases 74, 110, 217,
226, 286, 352, and 430; e, cases 70, 91, 153, 203, 207, 212, 269, 300, 342, 343,
381, 396, 412, and 429.
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of bacterial DNA in bone and joint samples following antimicro-
bial therapy (26, 27).

Our panel includes anaerobic bacteria (Propionibacterium and
Actinomyces species in one assay and Gram-positive anaerobic
cocci and B. fragilis group in two others). At least one anaerobic
assay was positive in 14 PJI subjects (9.7%), emphasizing the need
to detect anaerobes (1).

A multiplex approach appears more useful than broad-range
PCR for rapid microbial PJI diagnosis. Compared with the Acher-
mann and Portillo studies (2, 16), our panel includes common PJI
bacteria, including Propionibacterium and Corynebacterium spe-
cies, and anaerobic Gram-positive cocci. In the case of negativity
of cultures and the PCR panel, fungal culture(s)/PCR, 16S rRNA
PCR, and molecular/serologic testing for esoteric bacteria might
be useful to detect unusual organisms not detected by the panel.

Rapid detection of polymicrobial PJI is an advantage of the
panel, with 11 cases detected. Such cases would not be easily diag-
nosed with broad-range PCR. Results with PCR were concordant
with tissue and/or sonicate fluid cultures for six subjects; for five,
the panel detected organisms not cultured.

The tissue culture sensitivity reported herein (70.1%) was
higher than in our prior study (60.8%), approaching that of son-
icate fluid culture in this and our prior study (72.9 and 78.5%,
respectively) (3). We extended the anaerobic tissue culture incu-
bation duration shortly before the study end, although we do not
believe this impacted results of this study (28). The number of
cultured tissues per PJI subject was similar. A possible explanation
is that in our prior study 61% of patients with PJI had received
antibiotics within 4 weeks prior to surgery, compared to 43% in
this study. The sensitivity of sonicate culture (modified by adding
a concentration step) was slightly lower than previously described.

Study limitations included lack of a gold standard definition of
PJI and assay multiplexing. Culture is required for detection of
unusual microorganisms and antimicrobial susceptibility testing,
although conceivably, resistance genes (such as mecA) could be
incorporated into a PCR panel.

The results of this study highlight the need to culture multiple
tissues and for �2 to be positive with the same organism to signify
PJI. The specificity of a single positive tissue culture was lower
than that of �2 positive tissues (84.5 and 97.9%, respectively; P �
0.001).

Despite the new technique, there remained PCR-negative cases
of apparent PJI, even in subjects who had not received prior anti-
microbial agents. For most, tissue and sonicate fluid cultures were
also negative. Our PCR panel was not designed to detect rare
causes of PJI (29). Case misclassification may account for some
cases; two subjects with negative cultures and PCR results (cases
52 and 53) were considered to not have PJI after medical record
review.

Failure of the Staphylococcus PCR assay to detect some cases of
staphylococcal PJI was further investigated; poor lysis of staphy-
lococci appeared to explain this finding (PCR inhibitors were not
detected). We measured the limit of detection of the Staphylococ-
cus PCR assay using staphylococcal isolates from three subjects
with Staphylococcus PCR-negative sonicate fluids and, surpris-
ingly, the limit was �10,000 CFU/ml of sonicate fluid for all three
isolates, which is markedly higher than the limit of detection of the
control isolates used for assay development, one of which (IRDL-
7371) was a PJI isolate (Table 1). Adding a lysis step with 10 mg/ml
lysostaphin (Sigma-Aldrich, St. Louis, MO) to the DNA extrac-

tion resulted in 100- to 1,000-fold improvement in the limit of
detection when testing the isolates from cases 259, 342, and 428.
Some staphylococci associated with PJI may, therefore, be chal-
lenging to lyse.

It has been suggested that some aseptic failures are missed PJI
cases (10). Despite improved sensitivity, PCR did not identify a
substantial number of infected cases among aseptic failures, sug-
gesting that typical PJI bacteria may not be involved in aseptic
failure pathogenesis (3, 7).

In summary, we have described here a real-time PCR panel
performed on implant sonicate fluid which is more sensitive than
tissue culture, and more rapid than culture, for the diagnosis of
PJI.
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