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Abstract: Two-stage revision arthroplasty is the treatment
of choice for periprosthetic infection, a serious complication
after knee or hip arthroplasty. Our prospective clinical trial
aimed to investigate the concentrations of gentamicin and
vancomycin in wound exudate and tissue in two-stage revision
arthroplasty. Wound exudate and periprosthetic membrane
samples were collected from 18 patients (10 hip and eight
knee patients), who were due for two-stage treatment after
a periprosthetic joint infection. Samples were taken during
insertion of antibiotic-impregnated spacers and after their
removal. The concentrations of gentamicin and vancomyecin in
wound exudates and adjacent tissue were analyzed using
high-performance liquid chromatography mass spectrometry.
Average time period of spacer implantation was 13.6 weeks
(9.3-22.6 weeks). The concentration of vancomycin in wound
exudate decreased from a median of 43.28 pg/mL (0.28-261.22)
after implantation to 0.46 pg/mL (0.13-37.47) after the removal
of the spacer. In the adjacent tissue, vancomycin concentration

was mainly undetectable prior to spacer implantation
(0.003 pg/g [0.003-0.261]) and increased to 0.318 pg/g
[0.024-484.16] at the time of spacer removal. This was also
observed for gentamicin in the tissue of patients who previ-
ously had cement-free implants (0.008 pg/g [0.008-0.087]
vs. 0.164 pg/g [0.048-71.75]) while in the tissue of patients with
previously cemented prosthesis, baseline concentration was
already high (8.451 pg/g [0.152-42.926]). Despite the rapid
decrease in antibiotics release from spacer cement observed
in vitro, in vivo antibiotics are much longer detectable, espe-
cially in the adjacent soft tissue. © 2018 The Authors. Journal of
Biomedical Materials Research Part B: Applied Biomaterials published
by Wiley Periodicals, Inc. J Biomed Mater Res Part B: Appl Biomater
107B:1587-1597, 2019.
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INTRODUCTION

Periprosthetic joint infection is the most severe local specific
complication associated with total joint replacement (TJR).
While the incidence is relatively low, with 0.5-2.0% after
primary implantation,? it still represents a considerable
number of cases, especially given the background of the ever
rising implantation rates.> There are two main treatment
regimes: either a single stage revision—removal of the
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infected implant, debridement and re-implantation of a
TJR—or a long-interval two-stage spacer procedure. The lat-
ter is the more commonly used method, in particular for
difficult-to-treat pathogens and in patients who had already
undergone a previous revision due to infection.** In the
two stage approach, systemic antibiotic therapy is adjusted
according to the intraoperatively detected pathogens and is
given for 6 weeks after implant removal in order to
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eradicate the causative pathogens. During this period,
spacers made of polymethylmethacrylate (PMMA) cement
function as an interposition arthroplasty, which provides
mechanical stability, preserves the space needed for the revi-
sion implant and when impregnated with antibiotics serves
as an antibiotic delivery system.*” The use of antibiotic-
impregnated cement was shown to efficiently prevent
implant-associated infections.®® With the rise of antibiotic-
resistant pathogens, often more than one antibiotic is added
to the bone cement to enable broadened prophylactic effects.
One common supplementation is the combination of genta-
micin and vancomycin, which have been shown to act syner-
gistically.'®'"  While there are a number of studies
investigating the in vitro and ex vivo release of antibiotics
from bone cement,*™'7 less is known about the concentra-
tion of the antibiotics in joint fluid and adjacent soft tissue
in vivo, especially for the duration of the cement spacer
treatment.’®'?

Therefore, the aim of the present study was to analyze
the concentrations of gentamicin and vancomycin in wound
exudate and in the adjacent soft tissue (periprosthetic mem-
brane) not only at the time of implantation but also at
removal of the PMMA cement spacer. These data were com-
pared to in vitro antibiotics release from prepared test speci-
mens of same cement spacer material.

MATERIALS AND METHODS

Study design

Patients from two prospective, multicenter trials investigat-
ing cement spacer treatment of implant-associated infections
after total hip and knee joint replacement, respectively,
were included to analyze antibiotics’ release from those
spacer implants. Both studies were approved by the Local
Ethics Committee of Rostock, Germany (registration num-
bers: A2011-137 and HV-2011-0011). The study design fol-
lowed a standardized algorithm of cement spacer treatment
as described before.?® Briefly, patients who were preopera-
tively diagnosed with periprosthetic joint infection due to a
positive microbiological joint aspiration and elevated inflam-
mation markers were implanted with a custom-made
antibiotic-loaded PMMA cement spacer after complete
removal of the infected endoprosthesis and extensive
debridement. Two different bone cements were used in the
in vivo study: PALACOS® R+G (Heraeus Medical GmbH,
Wehrheim, Germany) a fast-curing, radiopaque, poly(methyl
methacrylate)-based bone cement which contains the amino-
glycoside antibiotic gentamicin and COPAL® spacem, a fast-
curing cement-like polymer based on poly(methylacrylate,
methyl methacrylate) with no added antibiotics which con-
tains calcium carbonate as an X-ray contrast agent (Heraeus
Medical GmbH, Wehrheim, Germany). In all hip patients,
PALACOS® R+G cement was combined with vancomycin
(Vancomycin hydrochloride, Lyomark Pharma, Oberhaching,
Germany), while patients with total knee replacements were
randomly allocated to either receiving a spacer made from
PALACOS® R+G cement plus vancomycin or a spacer made
from COPAL® spacem loaded with gentamicin (gentamicin
sulfate) and vancomycin (composition listed in Table I). The
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final concentration of the antibiotics in all spacers was 0.5 g
gentamicin and 2 g vancomycin per 40 g of spacer cement.
The amount of spacer cement differed between 40 and
160 g per patient, depending on the extent of the operation,
and was adjusted individually to the patient’s joint condi-
tions (Table II). The shape and stability of spacers were
ensured by silicon molds with a metal core (StageOne™
Hip or Knee Cement Spacer Molds, Biomet Inc., Warsaw, IN).
After a 4- to 6-week systemic antibiotics therapy and an
antibiotics-free time interval of 2 weeks, control samples
that is, joint fluid and a punch biopsy of the soft tissue
around the spacer were taken without intra-articular local
anesthesia in order to avoid interactions with the antiseptic
properties of local anesthetics. If clinical and laboratory find-
ings as well as histological and microbiological samples
showed no signs of ongoing infection after another 2 weeks,
the spacer was explanted and the revision endoprosthesis
was implanted. If there were continued signs of inflamma-
tion or extended wound secretion, an additional cement
spacer exchange was performed according to the treatment
scheme. Periprosthetic membrane samples and redon-
drainage (i.e, continuous negative drainage) containing
wound exudate were taken during implantation as well as
during removal of the cement spacers to measure the antibi-
otic release from the cement spacers.

Study patients

Between July 2012 and January 2015 18 patients (10 total
hip replacement (THR) patients and eight for total knee
replacements (TKR)) were recruited at the Department of
Orthopedics. Inclusion criteria were 45-85 years of age and
the ability to understand the scope and importance of the
trial. Patients with an active tumor disease, known allergy to
the used materials or participation in other medical trials as
well as lactating and pregnant women were excluded from
this study. All included patients were adequately informed
about the study by trained investigators and had signed the
informed consent.

From the 18 recruited patients with periprosthetic infec-
tion, nine were men and nine were women with an average
age of 67.6 (48.6-79.4) with the majority of patients belong-
ing to the 70-79 age group (Table III). Most of the patients
(83.3%) were either overweight or obese (Table III). Mean
body mass index (BMI) of all 18 patients was 30.4 (19-39).
The most common comorbidities were high blood pressure
(16 patients), Diabetes mellitus (nine patients) and heart dis-
ease including arrhythmia (five patients) followed by meta-
bolic disorders such as hyperlipidaemia (four patients) and
hyperuricemia (three patients). Five patients suffered from
allergies and two were smokers.

Quantitative determination of gentamicin and
vancomycin release in vivo

After spacer implantation as well as explantation surgery the
redon-drainage containing 24-h wound exudate was col-
lected in order to measure the antibiotic release of gentami-
cin and vancomycin. Additionally, a piece of periprosthetic
membrane (approx. 10 mm X 10 mm X 10 mm) was
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TABLE I. Composition of Bone Cements
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PALACOS® R+G

COPAL® spacem

COPAL® G+V

Polymer e Poly(methylacrylate, methyl .
powder methacrylate)
ingredients ¢ Zirconium dioxide .

* Benzoyl peroxide .

e Colorant E141 (chlorophyll) .

¢ Gentamicin?® (in the form of
gentamicin sulfate)

Monomer * Methyl methacrylate .
liquid ¢ N,N-dimethyl-p-toluidine .
ingredients e Hydroquinone .

e Colorant E141 (chlorophyll) .

Ingredients e Vancomyecin® (in the form of o
additionally vancomycin hydrochloride)
mixed in .

Poly(methylacrylate,
methyl methacrylate)
Calcium carbonate

Benzoyl peroxide

Colorant E141 (chlorophyll)

Methyl methacrylate
N,N-dimethyl-p-toluidine
Hydroquinone

Colorant E141 (chlorophyll)
Gentamicin? (in the form of
gentamicin sulfate)
Vancomycinb (in the form of
vancomycin hydrochloride)

Poly(methylacrylate, methyl
methacrylate)

Zirconium dioxide

Benzoyl peroxide

Colorant E141 (chlorophyll)
Gentamicin? (in the form of
gentamicin sulfate)
Vancomyein® (in the form of
vancomycin hydrochloride)
Methyl methacrylate
N,N-dimethyl-p-toluidine
Hydroquinone

Colorant E141 (chlorophyll)

20.5 g (0.84 g gentamicin sulfate) gentamicin per 40 g powder component.

2.0 g vancomycin per 40 g powder component.

acquired during the surgery. The tissue sample was obtained
before the implantation of the spacer during initial debride-
ment to eliminate any contact between tissue and spacer.
The redon-drainage and the periprosthetic membrane sam-
ples were stored at —20°C and weighed. The weight of the
membrane samples was 3.2 + 2.1 g (mean + SD) while for
the wound exudates an average of 260 + 161 g (mean + SD)
were collected after 24 h (Table II). The quantification of
antibiotics release was performed by a (GLP)-certified test-
ing facility (Analytisches Zentrum Biopharm GmbH, Berlin,
Germany).

Standardized quantities of 1 g of periprosthetic membrane
and 0.5 mL wound exudate were deployed for the analysis of
gentamicin components Cla, C2/C2a, C1, and vancomycin.
Deproteinization was carried out by sonication of tissue and
exudate in 4% (v/v) perchloric acid in water followed by cen-
trifugation. The gentamicin components Cla, C2/C2a, and C1
were derivatized with propyl chloroformate in acetone and
extracted in ethyl acetate/hexane (liquid/liquid extraction).
After evaporation of the organic phase the samples were dis-
solved in reconstitution solution and separated on a C18 col-
umn (Restek Ultra PFPP, 5 pm, 100 X 2.1 mm, Restek GmbH,
Bad Homburg, Germany) under gradient conditions. Vancomy-
cin was separated directly after protein precipitation under
gradient conditions using a C18 column (Luna C18(2), 5 pm,
150 X 2.1 mm, Phenomenex, Aschaffenburg, Germany), too.
Analysis was carried out using a high performance liquid chro-
matography Agilent 1200 system (Agilent Technologies, Wald-
bronn, Germany) and mass selective detection using an API
4000 QTrap (ABSciex, Darmstadt, Germany). lonization was
carried out with an electrospray interface (ESI, positive polar-
ity) and mass selective detection in the multiple reaction moni-
toring mode (MRM). The calibration range for gentamicin
components Cla/C2 + C2a/C1 in membrane and exudate was
0.00128/0.00160/0.00112 pg/mL to 1.600/2.000/1.400 pg/

mL, respectively. Quality controls with different concentrations
showed that accuracy after separation was 99.87 £ 7.69%
(mean =+ SD, coefficient of variation [CV] = 7.70%). The ratio of
the gentamicin components to each other varied slightly after
elution depending on the concentration (CV = 5.60 + 2.49%),
however, the difference was not significant. The sum of the
three components was used for statistical analysis since mem-
brane and exudate samples showed a similar distribution of
the different components of gentamicin compared to the cali-
bration samples. Calibration range for vancomycin was
0.0025-2.500 pg/mL. Each batch was controlled using qual-
ity control samples at three levels and showed good
reproducibility. Lower limit of quantification (LLOQ) for gen-
tamicin were 0.008 pg/g in periprosthetic membrane sam-
ples and 0.004 pg/mL in wound exudates, LLOQs for
vancomycin were 0.0025 pg/g in periprosthetic membrane
samples and 0.125 pg/mL in wound exudates.

Quantitative determination of gentamicin and
vancomycin release in vitro

Before production of the test specimens, bone cement pow-
ders “COPAL® G+V,” “PALACOS® R+G” and “COPAL® spacem”
(Heraeus Medical GmbH, Wehrheim, Germany, Table I) were
dried in a desiccator in a vacuum (<20 mbar) for at
least 24 h.

COPAL® G+V contains gentamicin and vancomycin and
did not require further antibiotics addition. PALACOS® R+G
contains gentamicin but lacks vancomycin, therefore 2 g van-
comycin hydrochloride (Lyomark Pharma GmbH, Oberhach-
ing, Germany) were added. COPAL® spacem contains neither
vancomycin nor gentamicin; accordingly 2 g vancomycin
hydrochloride and 0.87 g gentamicin sulfate were added.
The final concentrations of antibiotics were 1.17% w/w gen-
tamicin and 4.66% w/w vancomycin, 1.17% w/w gentamicin
and 4.67% w/w vancomycin as well as 1.16% w/w

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH PART B: APPLIED BIOMATERIALS | JUL 2019 VOL 107B, ISSUE 5 1589



‘sisAjeue [eonisiiels pue uonoidap 10} DO @Y 4O SNjeA 8yl 1B 18S a1aM 1Wi| UOI}081ap By} MO|aq San|e  "salepnxa punom ul Jw/Brl gz o pue sajdwes aueiquaw dnayisoidiiad ui B/6M Gz o 84om u1o
-Awosuen 1oy spDOT] ‘selepnxa punom ul Jw/b1 $0o'0 pue ssjdwes sueiquaw dnayisosduad ul 661 goo 0 a1em urdiweluab 1oy (DOT) uonesyiuenb Jo Wil J8MOT HWI| UOII818P 8yl MO[] SON|B A«
"d/V WW G X/IN WW G/ (d) ¥ InWwa) pjow 1aoeds Id/y ww gg X
/IN WW O£ (€4) € 4nWay pjow 1adeds id/y W 8 XT/IN WW 9 (24) Z INWwa} pjow 4adeds Id/y WW g X/ Ww 09 (Ld) L Inway pjow 199eds 'd/y Ww gy X/ Ww 08 (y1) ¥ elqi pjow Jadeds id/y ww Gp
X7/IN WWw G/ (€1) € elqn pjow Jadeds id/y Ww gy X1/IN WW 0/ (Z1) Z elqi pjow 19deds d/y Ww g€ X/ Ww §9 (L1) L BIq) pjow 18dkds :inwa) pue eiqil YHIM 9auy spjow Jaoeds "W g/ww Ggl
X L1 (PIN) ¥ PlOow Jadeds ‘ww /G/Ww Gy X €1 (EN) € Plow JaJeds {ww LG/ww GZL X 6 (ZIN) Z PIow Jodeds ‘Ww gp/ww GZL X 6 YUM (L|A) L Plow Jadeds :azis peay/ezis wals yum diy spjow Jaoedg
"uo1309]|00 a|dwes Jo julod awil 1e uAwodueA yum Adelayl sonoignue d1walsAs 0} anp 8ses|as UIDAWOOUERA JO SISAjeue WOy PAPNIOXd Judled 4
‘uonejue|dxs Jaoeds je sjdwes Buissiw 0] anNp 81ePNXd PUNOM JO SISA|EUR WOJ) PAPN|OXd Judlled ,
'Pa109]|02 10U = *0°'u {uRlwelusb = o ‘upAwodueA = A ‘uonejue|dxs teoeds = dx3 ‘uonelue|dwi Jooeds = d|A| ‘Qusned sauy = | ‘usned diy = H :suonelraiqqy
‘Aeib ui piepsspun aie z pue | sainbi4 ui uonoidep woly pue sisAjeue [o11S11E1S Yl WOJ) POPN|IXd SaN|eA ||y

€Ll  G¥'8  €0'GlL  «00°0 ov'8s 0978 9’0 60°€rL 67l [0z‘08]109L ed+EL D+Y sodejed S LLL SOA 8
L¥'0 0Ll ¢e€0 %000 LL'6S VLYl *€L°0 LG'ee 6°€l [0c‘081 09L vd+pL Wwededs |edo)  zp§ €61 SOA A
vZ'9 €8'lE 660 000 V9'LL LLel ceoe L9°L¢e Lcl [0z‘08]109L v+l D+Y sodejed €6 Lyy S9A )]
G00 «L00 L0'0  x000 €9°LL 8¢'GlL LE0 [4AR T4 €6 [5'L‘09]0CL ed+EL D+Y sodejed 08l 44 ON DI
%100 Se’L €00 x000 vL'6 ¢8'S *€L°0 846 €6 [L°09l 0cL zd+gl wededs|edo)y  /9¢ 1ZA" S9A 12
v8'€ LEO ool 290 78l [06‘Ge'z]l 08l  v4+PL D+Y sodejed  66€ Jageds pug £
€88l L0'0 va'cs 820 0¢ [5'L‘09]0CL ed+EL D+Y sodejed LGL SOA (9|
c6€ 0S'L  029¢ =000 U 90°L U 8199 9'LL [0c‘081 09l vd+pL wededs |edo)y  "o'u 8¢ SOA e
L6°0 €6'Ccy 660 920 U €L°8l ou 6L°09 09l [0Z°08]109L v+l D+Y sodejed U Gev S9A el
£80 xL00 62°0 L0'0 ac'LL 8€'6 €€°0 ¢8'Le VLl [0'Z ‘'0'8] 091 EN D+Y sodejed  [S€ 65€ ON OLH
86'LL xL00 LE9L  «00'0 ceol €9°GlL 280 S0'68L Lel 7R WAN 4} EN D+Y sodejed LE 8Ly ON 6H
040 €20 L0°0 A €cl [0’ ‘0'8] 09L EN D+Y sodejed cl laoeds pug gH
%100 9€'6 617'6l vZ'€9 L' [s'0‘0c] OF 's'u D+Y sodejed 4] ON q8H
¢cl’'o «l00 ¢l’o 000 LL7CL L0'€C JA A G¢'09 L1l [0'L ‘0'v] 08 LIA D+Y sodejed 86 €le ON LH
S0°0 00 L8'€ES *€L°0 06l [S£°0°0°€]1 09 ‘s'u D+Y sode|jed LLS 19oeds pug 9H
%100 %000 §9'Le 8C'ey 9¢ [0'L ‘0'v] 08 EN D+Y sodejed 91 ON 9H
SL'LL xl0'0 9L'V¥8Y 0070 U o U o 9'LL [0z ‘0'8] 091 EN D+Y sodeled DU o ON eGH
S0°0 L8'éc. 8€0 =000 L0 08'LL LV'S €L°C6 vl [0z ‘0'8] 091 EN D+y sodeled ¢/l €9¢ S9A qVH
€L'0  xl00 9¢'0 x000 1244 L9°€ LELL LE0L Ll [0'Z ‘'0'8] 091 EN D+Y sodejed  €¢lL 40> ON €H
L0°L GL'0  6V6E LOO €G°CL 699 L9°LL 90°L¢ L'LL [0z ‘0'8] 091 EN D+Y sodejed 8l €el S9A qCH
9L’0 700 ool [g'0‘0C] OF 's'u D+Y sodejed  OU l1ededs pug LH
60°0 %000 U 08°0¢ U Ll 9¢clL [0°Z ‘0'8] 091 LIN D+Y sodejed 98l ON elH
dx3 dIAll dX3a  dIAlI dX3 dINlI dX3 dINI (s399M) [(B) D '(B) Al yum pasn uswia) Jeoedg dX3 dINIl peluswa) aj usied

uonejue|dw| juswa) patedald PO uejdwiy

ujoIWeIUan) upAwoosuep uolWeusn ujpAwooduep JO polad J0 (B) wunowy snoiAald

(6/61) sajdweg anssi|
ul UOI1BJIUBIUOY SO1l0IqIUY

(Twy61l) 238PNX3
PUNOAA Ul UOI1BJIUBIUOY SoN0IqIuUY

solisli9loeIRY) J90RdS

1e pa199||0) (B)
a1epnx3 pPunopA
y 2 40 1yBiapp

sl1ojae4 Bulouanjju| a|qissod Inoqy uoiew.oju] pue sajdwesg anssi] pue ajepnx3 Punop\ ul

uoyeusIU0Y SOBOIqRUY Il I1GVL

KLINDER ET AL. ANTIBIOTICS RELEASE FROM CEMENT SPACERS FOR TWO-STAGE TREATMENT

1590



gentamicin and 4.65% w/w vancomycin per weight of pow-
der component for COPAL® spacem, PALACOS® R+G and
COPAL® G+V, respectively.

Forty grams of bone cement powder, 20 mL liquid com-
ponent and antibiotics (in the case of PALACOS® R+G and
COPAL® spacem) were mixed in a porcelain crucible until the
mix was no longer adhesive. It was then manually filled into
a cylindrical casting form with 25 mm of diameter and 10 mm
of height. The mold was covered with polyester foil and
condensed with a manually operated hydraulic press at
1-1.5 bar for 30 min. The resulting cylindrical test specimens
were removed from the form and dried in a desiccator with
orange gel for 2 days. The discs had an average weight of
5.6 g and a surface area of 17.66 cm? The specimens were
then transferred to a polyethylene tube containing 20 mL of
phosphate-buffered saline solution (PBS) and incubated for
24 h at 37°C. Next, the specimens were removed and trans-
ferred into a new polyethylene tube with fresh PBS for a fur-
ther 24-h incubation period while the supernatants from the
test tubes were stored in a fridge at 4°C. This procedure was
repeated for up to 5 days. The supernatants from day one,
three, and five were analyzed for gentamicin and vancomycin
content.

The concentration of vancomycin was measured via sep-
aration in a C18 column (XBridge) under gradient conditions
using UV-detection. Gentamicin concentration analysis was
performed using a commercial kit (COBAS INTEGRA GENT,
Roche Diagnostics GmbH, Basel, Switzerland) via automatic
biochemistry analyser (COBAS INTEGRA® 400, Roche Diag-
nostics GmbH, Mannheim, Germany).

Statistical analysis

Statistical analysis was performed by GraphPadPRISM ver-
sion 7.0 (GraphPad Inc. San Diego, CA). In order to include
samples with values below the detection limit, these values
were set at the value of the LLOQ. Concentrations of vanco-
mycin between implantation and explantation were com-
pared using Wilcoxon signed rank test. Concentrations of
gentamicin between implantation and explantation were
analyzed with Kruskal-Wallis test followed by Dunn’s multi-
ple comparison as post hoc test since here it was also differ-
entiated whether the explanted prosthesis had been
cemented or uncemented. The non-parametric tests were
chosen as Kolmogorow-Smirnov test revealed that in vivo
data were not normally distributed. Therefore, in vivo data
are reported as median with the ranges in square brackets.
Correlations analyses were performed using Spearman
correlation test.

As the in vitro results were normally distributed, they
are reported as mean + standard deviation and compared
using two-way repeated measures ANOVA with time of
release and cement type as variables followed by Bonferroni
post-tests.

RESULTS

In vivo data

The most common bacterial species found in intraoperative
samples at the time point of spacer implantation were

CLINICAL DEVICE-RELATED ARTICLE

coagulase-negative staphylococci (nine strains) including
Staphylococcus epidermidis (seven strains), Staphylococcus
lugdunensis (one strain), and Staphylococcus capitis (one
strain) followed by Staphylococcus aureus (three strains).
Furthermore, obligatory pathogenic or opportunistic species
such as Corynebacterium spp., Bacillus cereus, Finegoldia
magna, Bacteroides ureolyticus, Propionibacterium acnes, and
Klebsiella pneumoniae were detected. Of note with respect to
the antibiotics in the spacer, in three patients the infection-
causing bacteria—three strains of Staphylococcus epidermidis
and one strain of Staphylococcus aureus—were resistant to
gentamicin. None of the detected strains were resistant to
vancomycin.

In the present study, counting from the previous endo-
prosthetic implant, the mean time to revision was
76.4 months (1-179 months) with clinical signs recorded
slightly earlier (68.8 months, 0-178 months). The majority
of cases (55.6%) occurred after 5 years and later (Table I).
Following their primary TJR, eight patients (two hips and six
knees) had previously undergone revision at the same site.
There were no revisions due to septic or aseptic loosening of
the primary implant in the hip patients. However, one
patient had undergone a debridement of an epifascial cyst
and another had an exchange of the acetabular shell due to a
fall and resulting breakage within 10 days of primary
implantation. Notably, six among eight knee patients (75%)
had undergone revision before. Partial or total component
exchange surgery was performed in five knee patients; in
three of those due to an implant-associated infection. One
knee patient had prior wound revisions and
debridements only.

The mean period of implantation of the spacer for all
patients was 13.6 weeks, in the 14 patients with only one
spacer it was 12.1 weeks while in the four patients (three
hips and one knee) who had a spacer exchange operation,
total period of implantation for both spacers was 18.8 weeks
(Table II). Delayed wound healing and continued serous
wound secretion following spacer implantation was the main
reason for spacer exchange and was indicative of the neces-
sity for an exchange in three cases (two hips and one knee)
which was performed shortly after the first spacer implanta-
tion after 2 weeks. The decision for the spacer exchange in
the fourth patient was based on the histological examination
of the control biopsy at week 8, which showed signs of a
persistent inflammation.

It is noteworthy that only one of the exchanged first
spacers was positive in microbiological tests. Moreover,
Enterobacter cloacae was only detected in one of the three
independent sampling sites of this spacer. None of the
patients who had undergone a spacer exchange showed
signs of continued infection in the subsequent course of the
treatment and up to 1 year follow-up.

Gentamicin and vancomycin release in vivo

In vivo release of antibiotics was measured in the subfascial
wound exudate of the patients collected for 24 h postopera-
tively while adjacent membrane tissue samples were taken
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intraoperatively during both spacer implantation and spacer
explantation.

Membrane samples were collected from all 18 patients. How-
ever, in the case of four patients, wound exudate was only
collected from the implantation but not from the explantation of
the spacer. In order to allow for pairwise comparison between
implantation and explantation samples, those four patients were
excluded from the analysis of the wound exudate. Furthermore,
patients who received intravenous vancomycin prior and up to
48 h after operations were excluded when analyzing vancomycin
release in the wound exudate as well as from the periprosthetic
membrane samples. Thus, 11 exudates and 15 membrane sam-
ples at each time point were analyzed for vancomycin concentra-
tion. As shown in Figure 1(A), vancomycin concentration is
significantly reduced in the 24-h wound exudate at explantation
compared to during implantation of the spacer (43.28 pg/mL
[0.28-261.22] vs. 0.46 pg/mL [0.13-37.47], n = 11, Wilcoxon
signed rank test, p = 0.0137). As expected, the concentration of
vancomycin was low in the periprosthetic membrane samples
before the implantation of the spacer with 10 out of 15 samples
being below the LLOQ. The concentration of vancomycin in the
membrane was, however, significantly higher at explantation of
the spacer (0.003 pg/g [0.003-0.261] vs. 0.318 pg/g
[0.024-484.16], n = 15, Wilcoxon signed rank test, p < 0.0001) [-
Figure 1(B)].

For gentamicin analyses, we differentiated between
patients whose previous implant had been cemented (nine
patients: two hip and seven knee implants), and those whose
removed prosthesis had been uncemented (nine patients:
eight hip and one knee implants). There were no differences
in the gentamicin concentration in the wound exudates
(Kruskal-Wallis test, p = 0.8814), neither when comparing
implantation and explantation of spacer nor when analyzing
the cemented (n = 7) and uncemented (n = 7) groups
[Figure 2(A)] However, as depicted in Figure 2(B) gentamicin
concentrations differed significantly in the periprosthetic
membrane samples (Kruskal-Wallis test, p = 0.0001). Dunn’s
post hoc test revealed that even before the implantation of
the spacer, the concentration of gentamicin in the peripros-
thetic membrane samples between the cemented and unce-

mented group differed significantly (8.451 pg/g
*
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[0.152-42.926, n = 9] vs. 0.008 pg/g [0.008-0.087, n = 9],
p < 0.001). While the concentration of gentamicin increased
from implantation to explantation in the uncemented group
(0.008 pg/g [0.008-0.087] vs. 0.164 pg/g [0.048-71.75],
n =9, p < 0.05), there was no such change in the cemen-
ted group (8.451 pg/g [0.152-42.926] vs. 1.075 png/g
[0.008-19.128], n = 9).

Spearman analyses of correlation revealed that the differ-
ences in antibiotics concentration between implantation and
explantation in wound exudate or tissue samples of a patient
did not correlate with the period of implantation time of the
spacer (data not shown). However, the observed increase in
vancomycin concentration in the tissue samples was posi-
tively correlated to the amount of cement used to create the
spacer implant (r = 0.6759; p = 0.0137). There were no fur-
ther correlations between antibiotics concentration and
amount of cement. Patients requiring a second spacer were
analyzed separately as the amount of cement differed
between first and second spacer. The assumption that the
necessity of a second spacer was due to a low antibiotics
release after implantation could not be confirmed as concen-
tration in the wound exudate 24 h after implantation of the
first spacer did not differ significantly in patients with one
spacer versus patients requiring a spacer exchange (vanco-
mycin: 50.25 pg/mL [10.37-261.22, n = 9] vs. 21.78 pg/mL
[0.28-43.28, n = 2], p = 0.3273; gentamycin: 14.74 pg/mL
[3.67-84.60, n = 11] vs. 21.56 pg/mL [19.49-52.54, n = 3],
p = 0.2253; Mann-Whitney test).

Gentamicin and vancomycin release in vitro
In order to compare the in vivo results from the patient
study with the in vitro release kinetics of the antibiotics from
the spacers, cylindrical specimens were molded from Palacos
R+G and Copal Spacem under addition of the respective anti-
biotics according to the procedures used in the in vivo study.
Additionally, Copal G+V which already contained both antibi-
otics of interest, gentamicin and vancomycin, was tested.
This cement was not applied in the clinical study as it was
not commercially available when the study commenced.

As expected, there was a significant decline of released
antibiotics over time for both antibiotics (p < 0.0001 for time,
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FIGURE 1. Vancomycin concentrations in wound exudate (A) and periprosthetic membrane samples (B) of patients undergoing two stage treatment
of periprosthetic joint infection under exclusion of those patients with systemic vancomycin treatment prior and up to 48 h after operation. Single
values are presented with the horizontal bar representing the median. Hip patients are represented by dots while knee patients are shown as
squares. Time points of samples: spacer implantation and spacer explantation, n: number of patients, * significant p < 0.05, *** extremely signifi-

cant p < 0.001 (Wilcoxon signed rank test).
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FIGURE 2. Gentamicin concentrations in wound exudate (A) and periprosthetic membrane samples (B) of patients undergoing two stage treatment
of periprosthetic joint infection. Patients were divided in two groups depending on whether the removed infected implant was previously cemented
or uncemented. Single values are presented with the horizontal bar representing the median. Total hip patients are represented by dots while total
knee patients are shown as squares. Time points of samples: spacer implantation and spacer explantation, n: number of patients, * significant

p < 0.05, *** extremely significant p < 0.001 (Kruskal-Wallis test).

two-way repeated measures ANOVA for gentamicin and vanco-
mycin, respectively). The interaction of both variables (time X
cement) was also highly significant (p < 0.0001 for time X
cement, two-way repeated measures ANOVA for gentamicin
and vancomycin, respectively) indicating significant differences
in the release kinetics of the cements over time. The differences
between the three cements were most pronounced on day
1. The highest release of gentamicin on day 1 was measured
for Palacos R+G followed by Copal G+V (p < 0.001, Bonferroni
post test), while Copal Spacem released the least amount of
gentamicin compared to Palacos R+G and Copal G+V
(p < 0.001 and p < 0.001, Bonferroni post tests, respectively).
On day 3, only Palacos R+G and Copal Spacem differed
significantly from each other with regard to gentamicin release
[Figure 3(A)].

Release kinetics of vancomycin from the three types of
cement differed from those of gentamicin. On day 1, Copal
Spacem released the highest amount of vancomycin with sig-
nificantly lower amounts set free from Copal G+V followed
by Palacos R+G (p < 0.001 and p < 0.001, Bonferroni post-
tests, respectively) [Figure 3(B)].

In general, despite higher concentration of vancomycin
in the bone cements the relative release was lower for van-
comycin compared to gentamicin (Figure 3).

DISCUSSION

Periprosthetic infection is a severe complication after knee
or hip arthroplasty. Over half of the patients in this study
were affected by conditions that had been identified as indi-
vidual risk factors for developing a periprosthetic joint infec-
tion such as diabetes, obesity or old age.**

The use of antibiotic impregnated cement has been
shown to increase the success rate in two-stage revision
arthroplasty as a treatment of periprosthetic infection.?%?3
The assumed reason is the high initial release of antibiotics
locally, which prevents a re-infection. A systematic review of
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studies investigating the in vivo release of antibiotics from
bone cements reported considerable differences in the
released concentration between, but also within the stud-
ies.?* This is in line with our observation of high inter-
individual variation for both antibiotics in the 24-h wound
exudate after spacer implantation. The authors speculated
that the volume of joint fluid surrounding the spacer might
be a limiting factor in antibiotics release.”* Thus, the differ-
ences in the amount of wound exudate might be one reason
for the high inter-individual variation. Additionally, the sur-
face area of the spacer might be an important factor. In a
recent randomized controlled trial no difference in the con-
centration of gentamicin in drain fluid between patients with
either a thick or a thin cement mantle was observed, that is,
the local concentration of antibiotic was independent from
the amount of bone cement.”®> While this is contrary to our
results, as we observed a correlation between the prepared
amount of bone cement and the release of vancomycin, our
result could be due to the increased size, and thus an
increased surface area, of the cement spacers prepared in
the standardized molds. Furthermore, systemic vancomycin
administration influences the local antibiotic concentration.
Roy et al. reported that already a single intravenous dose of
vancomycin resulted in therapeutic concentrations of
approximately 6.8 pg/mL vancomycin in joint fluid.*® In
order to avoid this bias, only data of vancomycin release
after exclusion of patients who had been administered van-
comycin intravenously were statistically analyzed. The thus
observed significant decline of vancomycin release in the
24-h wound exudate at the time of explantation of the spacer
compared to implantation is in agreement with the
decreased in vitro release. However, given the sharp
decrease in vitro on day 3 and day 5, it was rather unex-
pected that there was still a considerable release of vanco-
mycin after an average of 90 days in vivo, especially when
the spacer had been removed. Such a prolonged release of
antibiotics was already described in other studies.?”"2° The
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FIGURE 3. Release of the antibiotics gentamicin (A) and vancomycin (B) from cylindrical test specimens of three

different cements in vitro. Values

are mean =+ standard deviation of released antibiotic per specimen over 24 h on the indicated days. Percentage of released antibiotics per incorpo-
rated antibiotic per specimen per day is presented in ltalics. §—Values are calculated based on an average weight of 5.6 g per specimen with 1.17%
w/w gentamicin and 4.66% w/w vancomycin, 1.17% w/w gentamicin and 4.67% w/w vancomycin as well as 1.16% w/w gentamicin and 4.65% w/w
vancomycin per weight of powder component for COPAL® spacem, PALACOS® R+G and COPAL® G+V, respectively. Results were recorded from
five independent experiments. In vitro results were compared using two-way repeated measures ANOVA with time and cement as variables fol-
lowed by Bonferroni post-tests. *** extremely significant p < 0.001 (Bonferroni post-tests) G = gentamicin, V = vancomycin.

accumulation of antibiotics in the adjacent tissue and their
release after tissue damage due to the second stage proce-
dure could be a possible reason for the detection of antibi-
otics in the wound exudate after explantation. This
hypothesis is supported by the significantly higher vancomy-
cin concentration in the tissue at the time of explantation.
The hypothesis could also explain the effects that we
observed when analyzing gentamicin. Here the differentia-
tion between patients with cemented and uncemented endo-
prosthesis prior to spacer implantation also showed that the
use of gentamicin-containing cement for fixation of TJRs
resulted in considerable accumulation of the antibiotic in the
tissue even after several years. We measured significantly
higher concentrations of gentamicin in the tissue before the
implantation of the spacer in patients with previously
cemented compared to uncemented TJRs. Our data suggest
that especially gentamicin remains in the tissue, as contrary
to vancomycin there was no decline in gentamicin in wound
exudates after explantation of the spacer.

However, another hypothesis should not be dismissed here.
Powles et al. showed that fracturing old cement during revision
surgery led to the release of gentamicin and in turn to the
“contamination” of tissue and joint fluid with the antibiotic.>®
The disruption of the cement opens new surface areas from
which enclosed antibiotics can be released. Indeed, several
studies found that a high percentage of the antibiotics remained
in the cement.'®3! Thus, the detected antibiotics could derive
from the cement after disruption during either the explantation
of the previous TJR or the explantation of the spacer.
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The importance of the surface area for the release kinet-
ics was mentioned, that is, cements with a microporous
structure, high porosity or higher surface roughness, which
extend the surface area, showed higher and prolonged anti-
biotic elution.'®*? The addition of ingredients such as cal-
cium polyphosphate or mesoporous silica nanoparticles
which increase porosity or surface roughness also resulted
in improved release kinetics.>*** It was reported that Copal
spacem is more effective in preventing biofilm formation
compared to Palacos® R+G due to better elution kinetics for
gentamicin.35 However, that in our in vitro experiments this
was only observed for the vancomycin but not for gentami-
cin could be due to the fact that contrary to our bone cement
composition Copal spacem in the aforementioned publication
contained clindamycin. Indeed, Boelch et al. reported that
the addition of clindamycin improved gentamicin release
from test specimens while the addition of vancomycin had
no effect.>® In the clindamycin containing Copal cement the
weight of gentamicin is with 2.34% higher than in the bone
cements tested in our study which have all similar weights
of gentamicin and vancomycin. There might be various other
reasons why we did not observe the improved release kinet-
ics of Copal spacem for gentamicin. For example, in Palacos
R+G and Copal G+V, especially manufactured gentamicin was
used, which generally has better release kinetics. Measure-
ment of surface roughness within a previous study®’ also
showed higher roughness for Palacos® R+G with addition of
vancomycin compared to Copal® spacem with gentamicin
and vancomycin (R, = 20.89 £ 0.49 pm, R, = 139.54 + 5.24 pm
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and R, = 1893 £ 0.67 pm, R, = 121.86 + 3.85 um for
Palacos® R+G plus V and Copal® spacem plus G and V,
respectively [mean £ SD, n = 3, unpublished data]) which
might support the observation that initial release of gentami-
cin from Palacos® R+G with addition of vancomycin was
highest. The importance of the surface was highlighted by the
work of Salih et al. who showed that indenting a spacer with
a MacDonald dissector more than doubled the gentamicin
release.3® In contrast, the test specimens in our in vitro inves-
tigation had a smooth surface which was ensured by using a
polyester foil. While the release kinetics of the combination
of gentamicin and vancomycin are relatively well studied
in vitro, its importance in vivo is still not clear. Despite syner-
gistic effects of the combination on the size of the inhibition
zone in vitro®® a recent in vivo study showed that the combi-
nation of gentamicin and vancomycin did not offer any
advantages regarding clinical outcomes compared to genta-
micin alone.*® However, especially considering that four of
the infection-causing strains in our in vivo investigation were
identified as gentamicin-resistant highlights the importance
of antibiotic combinations to prevent re-infection.

Our inability to replicate in vivo the differences that we
detected between cements in vitro may be due to the rela-
tively low number of patients who received spacers made
from Copal spacem and the observed high inter-individual
variability. The small sample size is a general limitation in
our study. This is due to periprosthetic infection occurring in
only approximately 1% of all primary TJR patients. We
improved patient recruitment by widening the inclusion cri-
teria to allow recruitment of patients who had undergone
revision before but numbers remained low in our general
patient population.

CONCLUSIONS

Our data allow the conclusion that while antibiotics release
from spacer cement decreases rapidly in vitro within the
first 24 h, in vivo antibiotics are present much longer at simi-
lar concentrations, even after an average of 90 days. This
was observed especially in the spacer-adjacent soft tissue.
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