Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub. 2017 Sep; 161(3):310-319.

Excellent AUC for joint fluid cytology in the detection/exclusion of hip
and knee prosthetic joint infection

Jiri Gallo?, Jarmila Juranova®, Michal Svoboda®, Jana Zapletalova“

Background and Aim. The aim of this study was to evaluate the characteristics of synovial fluid (SF) white cell count
(SWCC) and neutrophil/lymphocyte percentage in the diagnosis of prosthetic joint infection (PJI) for particular thresh-
old values.

Methods and Results. This was a prospective study of 391 patients in whom SF specimens were collected before total
joint replacement revisions. SF was aspirated before joint capsule incision. The PJI diagnosis was based only on non-SF
data. Receiver operating characteristic plots were constructed for the SWCC and differential counts of leukocytes in
aspirated fluid. Logistic binomic regression was used to distinguish infected and non-infected cases in the combined
data. PJI was diagnosed in 78 patients, and aseptic revision in 313 patients. The areas (AUC) under the curve for the
SWCC, the neutrophil and lymphocyte percentages were 0.974, 0.962, and 0.951, respectively. The optimal cut-off for
PJI was 3,450 cells/uL, 74.6% neutrophils, and 14.6% lymphocytes. Positive likelihood ratios for the SWCC, neutrophil
and lymphocyte percentages were 19.0, 10.4, and 9.5, respectively. Negative likelihood ratios for the SWCC, neutrophil
and lymphocyte percentages were 0.06, 0.076, and 0.092, respectively.

Conclusions. Based on AUC, the present study identified cut-off values for the SWCC and differential leukocyte count
for the diagnosis of PJI. The likelihood ratio for positive/negative SWCCs can significantly change the pre-test prob-

ability of PJI.

Key words: prosthetic joint infection, synovial white cell count, neutrophil percentage, lymphocyte percentage,

ROC curves

Received: January 4, 2017; Accepted: April 20, 2017; Available online: May 15, 2017

https://doi.org/10.5507/bp.2017.021

“Department of Orthopaedics, University Hospital Olomouc and Faculty of Medicine and Dentistry, Palacky University Olomouc, Czech

Republic

®Department of Hemato-Oncology, University Hospital Olomouc and Faculty of Medicine and Dentistry, Palackyy University Olomouc,

Czech Republic

‘Department of Medical Biophysics, University Hospital Olomouc and Faculty of Medicine and Dentistry, Palacky University Olomouc,

Czech Republic
Corresponding author: Jiri Gallo, e-mail: jiri.gallo@volny.cz

BACKGROUND

Prosthetic joint infection (PJI) is a feared complica-
tion of total joint arthroplasty. Accurate diagnosis of this
complication is a key step for rational therapeutic manage-
ment. To establish a standardized PJI diagnosis procedure,
the Musculoskeletal Infection Society (MSIS) introduced
a definition based on the presence of strong and standard
diagnostic criteria'. In addition, several strategies have
been proposed to increase the probability of accurate PJI
diagnosis depending on individual clinical presentation?.

The recommendation is to puncture artificial joints
preoperatively when the probability of infection is in-
creased by the erythrocyte sedimentation rate (ESR)
and/or raised C-reactive protein (CRP). Some studies
have discredited the value of elevated ESR and CRP at
least in some patients®, which raised the question of the
appropriateness of routine preoperative aspiration in all
patients indicated for revision surgery regardless of the
pretest probability of PJI. Joint fluid samples (JFSs) are
sent for microbial, biochemical, and cytological exami-
nation (i.e. the synovial white cell count (SWCC) and

differential count of leukocytes in synovial fluid). Several
studies reported the potential of the SWCC for diagnos-
ing PJI. As a result, national and international guidelines
strongly recommend that patients’ SWCC and neutrophil
percentage be assessed for PJI (ref.*¢). However, the pro-
posed cut-off values for the SWCC (ranging from 1,100
to 50,000 cells/uL) and differential leukocyte count (in
the case the neutrophil count it is between 60% and 89%)
remain widely ranging’.

The aim of this study was to show the diagnostic char-
acteristics of the SWCC and neutrophil/lymphocyte per-
centage in the diagnosis of PJI for particular threshold
values. Included were all patients who were treated for
PJI at our institution and for whom the SWCC and dif-
ferential leukocyte counts were available.

MATERIALS AND METHODS

Patient selection
Overall, 107 joints (105 patients) with PJI were diag-
nosed and treated at the Department of Orthopaedics,
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University Hospital Olomouc, Czech Republic, between
January 2009 and August 2015.
nations based on the PJI criteria described here was
performed in all patients. However, joint fluid samples

A routine set of exami-

Table 1. Basic characteristics of the group of patients revised due to PJI.

were neither obtained nor analyzed in 29 of them (27%).
Therefore, 78 infected joints (hip or knee) were included
in the study (Table 1). The control group (n=313) includ-
ed patients with total joint arthroplasties (total hip and

Variables Report
Males/Females 38/40 (49%, resp. 51%)
THRs/TKRs 27/51 (14.4%, resp. 25.1%)*
PJI modes Early postoperative infection 19 24.4%
Delayed infection 16 20.5%
Haematogenous infection 27 34.6%
Positive intraoperative culture 1 1.3%
Relapsing infection 2 2.6%
Reinfection 4 51%
Direct spreading from surroundings 9 11.5%
SWCC (cells/uL) 39,000 (28,800 - 56,800)
Neutrophil percentage 90% (88% - 92%)
Lymphocyte percentage 3% (2.2% - 4.0%)
Preoperative CRP (mg/L) 112 (60 - 176)
Preoperative ESR (mm/h) 59.5 (55.0 - 61.5)
Preoperative 1L-6 (ng/L) for both the THR and TKR groups 63 (48 - 124)
for THRs separately 63 (29 - 132)
for TKRs separately 64 (31 -173)
Microbiological microscopy Negative 7 9.2%
Neutrophils 47 61.8%
Neutrophils and bacteria 22 28.9%
Age at the time of primary 67.6 (66.7 - 72.2)
implantation (years)
Age at the time of revision (years) 72.7 (69.2 -175.9)
Implant survival (months) 21.2 (7.1 - 28.3)

THR = total hip replacement; TKR = total knee replacement; PJI = prosthetic joint infection; SWCC = synovial white cell count; CRP = C-reactive

protein; ESR = erythrocyte sedimentation rate; IL-6 = Interleukin 6; CI = confidence interval.

Data in the table are presented as median and 95% CI for the median.

* This percentage refers to the proportion of PJI among all the revised THRs, resp. TKRs.

Table 2. List of variables describing the control groups.

Variables Report
Males/Females In both the aseptic groups 125/188 40.0%, resp. 60.0%
THRs/TKRs 161/152
SWCC (cells/uL) 700 (600 - 780)
Neutrophil percentage 42% (39 % - 46%)
Lymphocyte percentage 50% (45 % - 54%)
Preoperative CRP (mg/L) 3.2 (2.7 - 4.0)
Preoperative ESR (mm/h) 17.0 (14.2 - 20.0)
Preoperative IL-6 (ng/L) for both the THR and TKR groups 4.8 (3.6 -6.2)
for THRs separately 4.5 (2.2-12.9)
for TKRs separately 5.2 (3.6 -8.9)
Microbiological microscopy Negative 258 97.0%
Neutrophils 6 2.3%
Neutrophils and bacteria 1 0.7%
Age at the time of primary implantation (years) 59.4 (57.3 - 61.5)
Age at the time of revision (years) 68.8 (67.1 -70.7)
Implant survival (months) 124.8 (117.2 - 131.2)

THR = total hip replacement; TKR = total knee replacement; SWCC = synovial white cell count; CRP = C-reactive protein; ESR = erythrocyte
sedimentation rate; IL-6 = Interleukin 6; CI = confidence interval.
Data in the table are presented as median and 95% CI for the median.
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551 TIR revisions performed

18 exclusions for revision of a spacer

14 exclusions for an inflammatory disease (reactive
arthritis, Crohn disease, psoriasis, tuberculosis, gout,

metastasis)

128 exclusions for insufficient quantity of fluid

4

391 TJRs included

4

78 cases of PJI 313 cases of revision due to aseptic
reasons
27 THRs 161 THRs
51 TKRs 152 TKRs

Fig. 1. Flowchart showing the number of included and excluded patients as well as their
distribution in the infected and non-infected groups.
TJR = total joint replacement; THR = total hip replacement; TKR = total knee replacement.

knee replacements; THRs and TKRs) revised for aseptic
reasons during the same period (Fig. 1). These patients
were examined according to the same protocol as the PJI
patients (Table 2). As a result, the proportion of PJIs
revised for was 19.9% (78/391).

All the revisions were carried out under standard con-
ditions with written informed patient consent, and the
study was approved by the local Ethics Committee. The
data collection was planned before the index test as well
as reference standard. In order to reflect true clinical situ-
ations, we included all patients who completed sampling
in the study. 37 patients (47%) had received antibiotic
pretreatment for a median of 25 days (minimum, 1 day)
prior to JFS aspiration.

Definition of PJI

PJI was diagnosed according to the following criteria:
1) presence of a sinus tract communicating with a joint
and/or intra-articular pus; 2) coincidentally positive re-
sults of histological examination (5 or more neutrophils
per high power field) and culture of intraoperative sam-
ples; 3) if only intraoperative culture or histological results
were positive, then at least two of the following signs had
to be present: high clinical suspicion of infection (acute
onset, fever, erythema, edema, persistent local pain, ear-
ly prosthetic failure, wound healing disturbances, etc.),
erythrocyte sedimentation rate > 30 mm/h, or C-reactive
protein elevated more than 1.5 times above the laboratory
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reference value®. Interleukin 6 (IL-6) in the serum was
tested in the most recent patients, and results above the
laboratory reference value were regarded as positive. Plain
radiography was not included in the diagnostic algorithm
because of its low specificity with regard to PJI. Aseptic
revisions were those that did not fulfill the conditions
for PJI.

Early postoperative (onset before the 4™ postoperative
month), delayed (onset between the 4 to 24™ months
postoperatively), and haematogenous infections were dis-
tinguished’. Relapsing infection was defined as a repeated
failure of a joint previously revised due to repeated infec-
tion by the same bacteria regardless of the time since
surgery. Reinfection was defined as PJI caused by bac-
teria different from the ones cultivated from the same
prosthetic joint during the previous revision. “Positive
intraoperative culture” meant positive intraoperative cul-
ture in patients revised for reasons that were assumed to
be aseptic. Direct spread from infected surroundings was
assumed, such as when erysipelas was followed by PJI of
knee arthroplasty (Table 1).

Synovial white cell count and differential count
of leukocytes in synovial fluid

In order to minimize the risk of false positive re-
sults, synovial joint fluid aspiration was performed
prior to surgical joint capsule incision. A minimum of
2 mL per method under study was collected, and then
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transported in special transport tubes with EDTA
(Ethylenediaminetetraacetic acid) preventing agglutina-
tion of JFSs. The SWCC was performed using Sysmex
XE-5000 (Sysmex Corporation; Kobe, Japan) automated
hematology analyzer in the body fluid mode according to
the instructions of the manufacturers. The resulting values
are given in number of cells/uL.

The differential count of leukocytes (i.e. neutrophil/
lymphocyte percentage) was determined manually by mi-
croscope: smears of joint fluid samples were performed
that were stained by Pappenheim’s panoptic stain-
ing method, and then evaluated under microscope per
100 cells (leukocytes) at 1000-times magnification. The
resulting values are given as ratio or percentage.

Culture

Joint fluid aspiration was sampled for culture in the
same manner as for the SWCC and differential count of
leukocytes. After opening the joint, samples of granula-
tion tissue were taken from at least three different sites
(one from the capsule and two from host bone beds).
Further, hard swabs were taken from the implant surfaces.
Retrieved implants were sent for sonication in specific
transport boxes. After sampling for microbial examina-
tion, systemic or local antibiotics were administered to all
patients with the exception of 37 who had received anti-
biotic treatment before the surgery. Overall, we collected
at least 5 samples (range, 5-9) per patient. All materi-
als were transported to the laboratory immediately after
sampling. Specimens were processed by the laboratory
within 2 hours after collection according to the standard-
ized laboratory protocols for aerobic and anaerobic culti-
vation in PJI (ref.?). Sonication was performed according
to the protocol published elsewhere!.

Joint fluid aspirations were considered positive if there
were any signs of growth, including in enrichment broth,
but concordance between these and intraoperative find-
ings was required. Intraoperative samples were considered
positive for infection if the same bacterium was cultured
from at least two different operative sites'’.

Tissue sampling

Experienced pathologists collaborating with us on
other implant-related studies performed the histology. The
conclusion was positive when a mean of > 5 polymorpho-
nuclear leukocytes (PMNs) were seen on at least ten high
power fields (HPFs) at 400-times magnification'2.

Study design, statistical analysis

During the study neither the microbiologists nor the
cytologists knew the clinical and histological data. The data
were collected and continuously entered into electronic
spreadsheets (Microsoft Excel, Microsoft Corp., WA,
USA). After the completion of the study, one of us who
had not participated neither in the diagnosis nor therapy of
patients, classified the patients in the study into two groups
(those with and those without PJI) according to the criteria
described above. Neither the SWCC nor neutrophil/lym-
phocyte percentage were part of the diagnostic verification.
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All the statistical calculations including sensitivity,
specificity, accuracy, positive and negative predictive val-
ues (PPVs, NPVs), positive and negative likelihood ratios
(LR+,-), the diagnostic odds ratio (DOR) and their confi-
dence intervals were performed using IBM SPSS Statistics
v. 22. (USA). Other parameters were evaluated according
to type using appropriate tests and the same statistical
package. Statistical significance was set at P=0.05.

To dichotomize continuous data, it is necessary to de-
termine an optimal cut-off value. Values above or equal
to this value are then considered as positive. Values below
this point were negative. We used the receiver operating
characteristic (ROC) curves plotting the true positive
rate (sensitivity) against the false positive rate (1-speci-
ficity). The area under the curve (AUC) served as a single
measure characterizing the discriminative ability of a test
across the full range of cut-offs. An optimal cut-off value
was determined using the Youden index (J), (ref.!).

In order to be able to interpret all the data available
from our JFS analysis (i.e. SWCC, neutrophil and lym-
phocyte percentages) simultaneously, the binomic logistic
regression model was used. The first model involved the
distinct outcome; the second model worked with binary
outcomes (0 = negative outcome in relation to a particu-
lar cut-off point; 1 = positive outcome of the method
in relation to a particular cut-off point). Prob value in
this logistic binomic model is resulting probability that a
particular patient has an infected (if prob > 0.5) or asep-
tic (if prob < 0.5) joint with sensitivity 88.9%, specificity
99.2%, the false positive rate 0.8%, and the false negative
rate 11.1%.

RESULTS

Culture

The most frequent pathogen was Staphylococcus au-
reus (24.4%) followed by coagulase-negative staphylococci
(17.9%), beta-haemolytic streptococci (14.1%) and viri-
dans streptococci (6.4%). Polymicrobial infections were
classified in 5.1% of cases. Culture negative infections
were found in 29.5% of cases.

Synovial white cell count and differential count
of leukocytes in synovial fluid

We compared the SWCC, neutrophil and lymphocyte
percentages between patients with PJI and aseptic fail-
ure. SWCC medians were as follows: 39,000 cells/uL vs.
700 cells/uL (for THR and TKR); 36,300 cells/uL vs.
610 cells/uL (for THR), and 39,600 cells/uL vs. 740 cells/
uL (for TKR). Medians for neutrophil percentage were
90% vs. 42% (for THR and TKR); 91% vs. 46% (for THR),
and 89% vs. 38% (for TKR). Medians for lymphocyte per-
centage were 3% vs. 50% (for THR and TKR); 3% vs.
47% (for THR), and 3% vs. 54% (for TKR). The Mann-
Whitney U test assessed the probability less than 0.0001
that the infected and aseptic groups are identical as far
as the SWCC, neutrophil and lymphocyte percentages
are concerned.
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Fig. 2. Receiver operating characteristic (ROC) curves for a) the synovial white cell count; b) neutrophil percentage; and ¢) lym-
phocyte percentage. The diagonal dashed line is the line of non-discrimination. The larger the area under the curve, the higher the
sensitivity and specificity, and thus the power of the diagnostic test. AUC = area under the curve.

Table 3. Diagnostic characteristics for the SWCC, percentage of neutrophils and percentage of lymphocytes for all the groups
and for THRs or TKRs separately.

SwWCC Neutrophil percentage Lymphocyte percentage

THR + THR TKR THR + THR TKR THR + THR TKR

TKR TKR TKR
Cut-oft* 3,450 4,100 3,200 74.60% 76.50% 72.80% 14.60% 14.60% 19.90%
Sensitivity 94.7 92.0 96.0 93.1 95.7 93.9 91.7 95.7 93.9
Specificity 95.0 96.8 95.9 91.1 93.8 90.0 90.3 93.0 84.6
PPV 82.6 82.1 88.9 74.4 73.3 78.0 72.5 71.0 69.7
NPV 98.6 98.7 98.6 97.9 99.2 97.5 97.5 99.2 97.3
LR+ 19.0 28.3 23.5 10.4 15.3 9.4 9.5 13.6 6.1
LR- 0.06 0.08 0.04 0.076 0.046 0.068 0.092 0.047 0.072
DOR 339 341 560 136.9 332.6 138.2 102.5 289.4 84.7

SWCC = synovial white cell count; THR = total hip replacement; TKR = total knee replacement; PPV = positive predictive value; NPV = negative

predictive value; LR+ = positive likelihood ratio; LR- = negative likelihood ratio; DOR = diagnostic odds ratio.

*Cut-off values are presented in numbers of cells/uL.

Diagnostic utility of SWCC

The ROC plots to determine an optimal cut-off value
for the SWCC had the area under curve of 0.974 (95% CI;
0.945 - 1.000) for all groups together (regardless of the
site). According to the Youden index J method, the cut-off
value for the SWCC with an optimal balance of the true
positive rate (sensitivity) and false positive rate (1-speci-
ficity) was 3,450 cells/uL (Fig. 2a). The cut-off values
for the SWCC were 4,100 cells/uL and 3,200 cells/uL
(positive = values greater than or equal to them) when
analyzed separately for THRs and TKRs, respectively.
Corresponding diagnostic characteristics for each group
in the study are shown in Table 3.

As a result, the LR+ for all the SWCC cut-offs was
high enough to influence significantly the diagnosis of
PJI. Assuming a patient has a pre-test probability of PJI
50%, the post-test probability of PJI is 95% when the test
is positive, and 5.6% when the test is negative (valid for
LR+=19.0 and LR- = 0.06).

Diagnostic utility of neutrophil and lymphocyte
percentages

The ROC plots to determine an optimal cut-off value for
the neutrophil and lymphocyte percentages had the area un-
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der curve of 0.962 (95% CI; 0.939 - 0.984) and 0.951 (95%
CI; 0.924 - 0.978) for all the groups together, respectively
(Fig. 2b, c¢). The cut-off values for neutrophil and lympho-
cyte percentages were 74.6% (positive = values greater than
or equal to them) and 14.6% (valid for values less than or
equal to them), respectively, for all the groups under study.
The optimal cut-off values for neutrophil percentages were
76.5% and 72.8% when analyzed separately for THRs and
TKRs. The data for lymphocyte percentages were 14.6% and
19.9% for THRs and TKRs, respectively. Corresponding
diagnostic characteristics are shown in Table 3.

Like the case of the SWCC, the LR for neutrophil per-
centages has the ability to change significantly the pre-test
probability of PJI. Again, let’s assume that the patient we
are caring for has a pre-test probability of PJI 70% (based
on history, physical examination, and elevated CRP or
IL-6). The change of the pre-test probability as a result of
neutrophil or lymphocyte percentage is shown in Fig. 3.

Combination of the SWCC
with neutrophil/lymphocyte percentage

Since we had all the data available for the majority of
patients from whom joint fluid samples were taken preop-
eratively, it was necessary to interpret them collectively.
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Model for quantitative data

We wanted to know whether a joint with a particular
value of the SWCC, neutrophil and lymphocyte percent-
ages should be considered as infected or aseptic. The
probability that a patient has an infection can be calcu-
lated using the binomic logistic regression model (char-
acteristics of this model: -2 log likelihood = 56.938; Cox
& Schnell R square = 0.584; and Nagelkerke R square =
0.898):

e(—5.383 + 0.299+Leu + 0.043*Neu - 0.049+Lymfo)

prob = (1 + e(~5:383 + 0.299+Leu + 0.043+Neu - 0.049+Lymfo))

If prob is higher than 0.5, then the data are in favor
of infection. If prob is lower than 0.5, then the data are
against infection. Let’s consider an example with the
SWCC = 22,000 cells/uL, neutrophil percentage = 33%
and lymphocyte percentage = 67%:

e(—5.383 +0.299%22 + 0.043%33 - 0.049%67)

prob = (1 + e(~5:363 +0299-22 + 0.043+33 - 0.049+67) ) =

o (~0.669)

= 5 oCoemy = 03387

As prob is lower than 0.5, this patient should be con-
sidered as non-infected despite the fact that the SWCC
is much higher than the relevant cut-off point (i.e. 3,450
cells/uL).

The same model can be applied separately on THA
and TKA patients with the following characteristics: -2 log
likelihood 23.025 and 32.704; Cox & Schnell R square
0.505 and 0.629; and Nagelkerke R square 0.878 and
0.910, respectively.

The probability of THA infection can be calculated
using the formula:

e(—2.665 + 0.269+Leu + 0.013*Neu - 0.091*Lymfo)

pT‘Ob = (1 + e(=2.665 + 0.269+Leu + 0.013*Neu - 0.091*Lymf0))

The probability of TKA infection can be calculated
using the formula:

e(—6.958 + 0.299+Leu + 0.063+Neu - 0.025+Lymfo)

prob = (1 + e(—6.958 + 0.299xLeu + 0.063*Neu - 0.025*Lymfo))

Let’s consider that a patient with THR has the SWCC
= 5,130 cells/uL, neutrophil percentage = 70.6% and lym-
phocyte percentage = 28.2%:

6(_2'665 +0.269%5.13 + 0.013%70.6 - 0.091%28.2)

prob = (1 + e("2665 +0.269+5.13 + 0.013+70.6 - 0.091+28.2)) =
o (~2.933)

Let’s assume the same case as above but under as-
sumption it is a patient with TKR:
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E(_6'958 +0.299%5.13 + 0.063%70.6 - 0.025%28.2)

prob = =

(1+e(~6:958 +0.299+5.13 + 0.063+70.6 - 0.025+28.2))

£(~1.6813)

=————=10.1569

T 1+e(-16813)

As both examples result in prob < 0.5, the outcomes
are against the diagnosis of PJI.

Model for qualitative data

The second model was developed to calculate with
categories (0 = negative outcome, and 1 = positive out-
come) instead of distinct figures. When the model was
applied for 1 defined as more than 3,450 cells/uL and
74.6% of neutrophil percentage, and lower than 14.6% of
lymphocyte percentage, the parameters of the model were
as follows: -2 log likelihood = 89.413; Cox & Schnell R
square = 0.541; and Nagelkerke R square = 0.832.

Probability that a patient with binary outcomes of the
SWCC, neutrophil percentage, and lymphocyte percent-
age has an infection can be calculated using the formula:

e(—5.127 + 3.924xLeu + 1.683*Neu+ 1.880+Lymfo)

pTOb = (1 + e(=5.127 + 3.924+Leu + 1.683xNeu+ 1.880*Lymf0))

Using the same example as above and transcription
with regard to infection with the positive SWCC (22,000
> 3,450 cells/uL) but negative neutrophil percentage (33%
< 74.6%) and negative lymphocyte percentage (67% >
14.6%), the model results in prob < 0.5, hence against
the infection:

(=5:127 + 3.924+1 + 1.683+0+ 1.880%0)

prob = (1 + e(~5.127 + 3.924+1 + 1.683+0+ 1.860+0)) =

o(=1.2030)

The same model can be applied to the cut-off points
for THA (1 is for outcomes higher than 4,100 cells/uL,
76.5% of neutrophil percentage, and lower than 14.6%
of lymphocyte percentage) and TKA (1 is for outcomes
higher than 3,200 cells/uL, 72.8% of neutrophil percent-
age, and lower than 19.90% of lymphocyte percentage)
locations (-2 log likelihood 23.128 and 51.205; Cox &
Schnell R square 0.505 and 0.588; and Nagelkerke R
square 0.877 and 0.852, respectively).

The estimate of probability of infection in patients
with THR is:

e(—6.330 + 4.583+Leu + 4.786+Neu+ 0.196+Lymfo)
prob =

(1 + e(—6.330 + 4.583+Leu + 4.786*Neu+ 0.196*Lymfo))

The estimate of probability of infection in patients
with TKR is:

e(—4.718 + 4.643*Leu + 2.036xNeu+ 0.480xLymfo)

prob = (1 + e(—4.718 +4.643*Leu + 2.036x*Neu+ 0.480*Lymfo))
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Table 4. Showing the cut-off points for PJI diagnosing in several preceding studies.

Author Location SWCC (cells/uL) Neutrophils (%)
Cut-off Se Sp Cut-off Se Sp
Parvizi, Gehrke, 2014  Hip or Knee 3,000/uL  N/A N/A 80% N/A N/A
Dinneen et al, 2013 Hip or Knee 1,590/uL  0.895 0.913 65% 0.897 0.866
Hip 1,425/uL  N/A N/A 65% N/A N/A
Knee 1,715/uL  N/A N/A 54% N/A N/A
Cipriano et al, 2012 Hip or Knee 3,450/uL  0.91 0.93 78% 0.955 0.873
Zmistowski et al, 2012 Knee 3,000/uL  0.93 0.94 75% 0.93 0.83
Shukla et al, 2010 Hip 3,528/uL  0.78 0.96 79% 0.78 0.82
Lee et al, 2010 Knee 3,800/uL  0.86 0.79 89% 0.72 0.62
Schinski et al, 2008 Hip 4,200/uL  0.84 0.94 80% 0.84 0.82
Ghanem et al, 2008 Knee 1,100/uL  0.907 0.881 64% 0.95 0.947
Della Valle et al, 2007 Knee 3,000/uLl 1.00 0.98 65% 0.976 0.849
Parvizi et al, 2006 Hip or Knee 1,760/uL  0.90 0.99 73% 0.93 0.95
Trampuz et al, 2004 Knee 1,700/uL  0.94 0.88 65% 0.97 0.98
Mason et al, 2003 Knee 2,500/uL  0.69 0.98 60% 0.75 0.90
Spangehl et al, 1999 Hip 50,000/uL  0.36 0.99 80% 0.89 0.85
Current study Hip or Knee 3,450/uLL 0.947 0.950 74.6% 0.931 0.991
Hip 4,100/uL  0.920 0.968 76.5% 0.957 0.938
Knee 3,200/uL  0.960 0.959 72.8% 0.939 0.900

SWCC = synovial white cell count; Se = sensitivity, Sp = specificity; PJI = prosthetic joint infection.

DISCUSSION

In this study, we found that the SWCC and differential
count of leukocytes analysis of JFS showed very good
diagnostic characteristics for changing significantly the
pre-test probability of PJI. Our results identified the cut-
off value for the SWCC of 3,450 cells/uL and for neutro-
phil percentage of 74.6%. When the anatomical location
was included, then the same figures were 4,100 cells/uL
and 76.5% for THR and 3,200 cells/uL and 72.8% for
TKR, respectively. In addition, very impressive diagnos-
tic characteristics were revealed for the lymphocyte joint
fluid count. Finally, we introduced the model enabling
simultaneous interpretation of the SWCC, neutrophil and
lymphocyte percentages.

Compared to previous studies, the optimal SWCC cut-
off points in our study are higher, especially at the site of
the knee (Table 4). The reason for the difference may lie
at least partly in the definition of PJI used in particular
studies, patients included, methodology and/or organi-
zational differences among studies. Our study excluded
patients with chronic inflammatory diseases like crystal
arthropathies (e. g. gout, pseudogout) and tuberculosis.
However, we included patients with rheumatoid arthritis
contrary to other authors''® who excluded all patients
with chronic inflammatory joint diseases despite the fact
that at least one study showed that the SWCC and dif-
ferential count of leukocytes have similar cut-off values
and overall testing performance in patients with chronic
inflammatory arthritis compared to those with non-in-

flammatory arthritis'’. Others, for example Schinsky, do
not report such exclusion. Some studies excluded patients
with antibiotic pretreatment'>!%. In contrast, 47% of the
infected patients in our study were treated with antibiot-
ics prior to their operation. Dinneen et al. also excluded
patients who were within six weeks of their primary TKR
or THR as the post-operative inflammatory state would
be likely to affect the normal SWCC and proportion of
neutrophils in the aspirate!*. Such patients were admit-
ted to our study and were classified as early postopera-
tive infection. At least one study reported optimal cut-off
values of the SWCC and neutrophils for the diagnosis
of PJI in the early postoperative period supporting their
position in the diagnostic workout”. In order to elimi-
nate the role of physicians participating in the care, one
of the team members who had participated neither in
the diagnostic process nor in the treatment process re-
classified all the treated patients as infected or controls
several months after revision surgeries when all the data
related to PJI were available. A design-related bias is a
potential source of inter-study discrepancies®. Here we
conducted a prospective study of a very simple design; a
well-known index test was evaluated comparing the results
of JFS cytology with an independent reference standard,
and appropriate statistics were employed. On the other
hand, not all the requirements contained in STARD 2015
(ref.?") were addressed in this study, partly due to the fact
that the protocol of the study was planned between 2006
and 2008, and the permission of the Ethical Committee
was obtained in 2009.
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The value of a diagnostic test depends on how much
the test changes the pre-test probability of a disease. PJI is
defined as occurrence of vital and replicating bacteria on
an implant surface and/or in the periprosthetic environ-
ment. Hence, there is no doubt that the finding of posi-
tive cultures makes the diagnosis. However, the contact
of bacteria with host cells induces a complex response
that is not exclusive for infection. This means for instance
that neutrophils can be present in joint fluid even if there
are no bacteria in the artificial joint. Under such circum-
stances, the quantity of leucocytes and an appropriate
amount of their cellular fractions can be associated with
prosthetic joint infection. A recent meta-analysis found
excellent diagnostic power of the SWCC and neutrophil
percentage’. The AUC was for the SWCC (0.96) and
for neutrophil percentage (0.95) as well as the pooled
sensitivity (0.88) and specificity (0.93) for PJI detection
for both the SWCC and neutrophil percentage are fully
comparable with our study. To demonstrate the diagnostic
contribution of the SWCC and neutrophil percentage to
PJI diagnosis/exclusion, the authors of the meta-analysis
used the likelihood ratio scattergram. The starting point
of 20% probability of PJI is relatively low because we do
not know what this means in clinical terms. On the other
hand, their example shows very well the diagnostic pow-
er of both the SWCC and neutrophil percentage. In our
example, we used an increased probability of infection
(70%) because we believe that the test (i.e. puncture of a
joint followed by cytology, microbiology, other examina-
tions) should be indicated only in patients showing prob-
ability of 50% and higher (i.e. when PJI is more probable
than a chance). In addition, our study revealed potentially
useful characteristics also for lymphocyte percentage.

Looking at the literature, all the studies reported the
results of the SWCC and neutrophil percentage as inde-
pendent while these are together with lymphocyte percent-
age highly dependent on each other in the description of
the biological status of a joint. Moreover, all these vari-
ables are reported jointly by a laboratory. Finally, there
are some patients who have increased SWCC while the
neutrophil percentage is low and lymphocyte percent-
age is high. Therefore, there is a need to interpret these
figures simultaneously in order to increase accuracy of
cytological examination of JFS (ref.??). However, in the
bible of evidence based clinical approach, Furukawa et
al. write: “If 2 tests are very closely related, however, the
application of the second test (here neutrophil and/or
lymphocyte percentages) may provide little or no addi-
tional information, and the sequential application of LRs
will yield misleading results” (ref.?®). Therefore, we used
the logistic binomic regression models either to include
binary or particular values of the SWCC, neutrophil and
lymphocyte percentages into the estimation of probabil-
ity of PJI (i.e. probability that an observation falls into
the diseased/non-diseased category based on imported
outcomes). Logistic regression can be used to construct
decision rules, reflecting the combined diagnostic value
of a number of diagnostic variables**?,
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Fig. 3. Estimation of the post-test probability of prosthetic joint
infection for the neutrophil or lymphocyte percentages when the
pre-test probability is 70%; the blue lines are for the neutrophil
percentage; the green lines are for the lymphocyte percentage;
the dashed lines are for negative results.

CONCLUSION

In summary, this study strongly supports the usage of
the SWCC and neutrophil percentage in the diagnostic
workout for PJI. In addition, the role for the lymphocyte
count is emphasized based on its diagnostic character-
istics. On the other hand, the optimal strategy for inte-
grating data from all cytological methods remains to be
proved. Here we described the logistic regression model.
Theoretically, other bivariate models or the hierarchical
models as described in the Cochrane handbook can be
used. Regardless of the chosen approach a large prospec-
tive study will be necessary to validate the multi-compo-
nent probabilistic approach to PJI diagnostics.
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ABBREVIATIONS

AUC, area under the curve; CI, confidence interval;
CRP, C-reactive protein; DOR, diagnostic odds ratio;
EDTA, ethylenediaminetetraacetic acid; ESR, erythro-
cyte sedimentation rate; HPF, high power field; IL-6, in-
terleukin 6; JFS, joint fluid sample; LR, likelihood ratio;
MSIS, Musculoskeletal Infection Society; NPV, negative
predictive value; PJI, prosthetic joint infection; PMN,
polymorphonuclear; PPV, positive predictive value; ROC,
receiver operating characteristic; Se, sensitivity; SF, sy-
novial fluid; Sp, specificity; SWCC, synovial white cell
count; THR, total hip replacement; TKR, total knee re-
placement.
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