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Aims

Treatment outcomes for methicillin-resistant Staphylococcus aureus (MRSA) periprosthetic
joint infection (PJI) using systemic vancomycin and antibacterial cement spacers during two-
stage revision arthroplasty remain unsatisfactory. This study explored the efficacy and safety
of intra-articular vancomycin injections for PJI control after debridement and cement spacer
implantation in a rat model.

Methods

Total knee arthroplasty (TKA), MRSA inoculation, debridement, and vancomycin-spacer im-
plantation were performed successively in rats to mimic first-stage PJI during the two-stage
revision arthroplasty procedure. Vancomycin was administered intraperitoneally or intra-
articularly for two weeks to control the infection after debridement and spacer implantation.

Results

Rats receiving intra-articular vancomycin showed the best outcomes among the four treat-
ment groups, with negative bacterial cultures, increased weight gain, increased capacity
for weightbearing activities, increased residual bone volume preservation, and reduced
inflammatory reactions in the joint tissues, indicating MRSA eradication in the knee. The
vancomycin-spacer and/or systemic vancomycin failed to eliminate the MRSA infections fol-
lowing a two-week antibiotic course. Serum vancomycin levels did not reach nephrotoxic
levels in any group. Mild renal histopathological changes, without changes in serum cre-
atinine levels, were observed in the intraperitoneal vancomycin group compared with the
intra-articular vancomycin group, but no changes in hepatic structure or serum alanine ami-
notransferase or aspartate aminotransferase levels were observed. No local complications
were observed, such as sinus tract or non-healing surgical incisions.

Conclusion

Intra-articular vancomycin injection was effective and safe for PJI control following debride-
ment and spacer implantation in a rat model during two-stage revision arthroplasties, with
better outcomes than systemic vancomycin administration.
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Article focus joint infection (PJI) than systemic intra-
We tested whether the use of intra- peritoneal vancomycin administration.
articular vancomycin injections after We performed the in vivo evaluation of
debridement and spacer implantation intra-articular vancomycin treatment
provided better control of periprosthetic compared with intraperitoneal systemic

vancomycin treatment following
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debridement and spacer implantation in a rat model
of total knee arthroplasty.

Key messages

Intra-articular injection of vancomycin performed
better for the elimination of methicillin-resistant Staph-
ylococcus aureus (MRSA) infection than vancomycin-
spacer or systemic vancomycin administration for
infections, on both the spacer and in joint tissues,
after debridement and cement spacer implantation
over a two-week course in a rat model.

Strengths and limitations
We demonstrated that intra-articular vancomycin
injection is effective and safe for the eradication
of MRSA PJI after debridement and cement spacer
implantation, and performs better than systemic
vancomycin in a rat model, which allowed for a reduc-
tion in selection bias and observation bias compared
with existing retrospective clinical studies and case
reports.
The current study is a rat-based study, which could
not exactly mimic the PJI process in humans, as the
absorption, distribution, metabolism, and excre-
tion of drugs by rats differs from those in humans,
and the rat knee presents with different biodynamics
and biomechanical properties than the human knee,
requiring caution when attempting to extrapolate
these results directly to clinical PJI patients.
Our study compared the efficacy of different vanco-
mycin administration approaches without adjuvant
oral antibiotics, such as rifampicin, which may have
affected the ability of the vancomycin spacer or
systemic vancomycin to eliminate the infection, and
further investigations into the efficacy and safety of
vancomycin, combined with additional oral antibi-
otics, remain necessary.

Introduction

Periprosthetic joint infection (PJI) is a serious complica-
tion following artificial joint arthroplasty, occurring in
1% to 2% of primary arthroplasty operations,' and the
risk of revision increases three-fold for total hip arthro-
plasty in cases with PJl compared to cases without PJI.2 PJ|
is difficult to control and prone to reinfection, due to the
formation of bacterial biofilms, which protect the bacteria
from antibiotics and the immune system. For some bacte-
rial species, the minimum biofilm eradication concen-
tration (MBEC) can be 100 to 1,000 times greater than
the minimal inhibitory concentration (MIC) for the same
antibiotic,® requiring much higher antibiotic concentra-
tions for the effective eradication of bacterial biofilms.**
However, systemic antibiotics administered intrave-
nously (IV) can only reach two to three times the MIC
in joints and infected tissues.® Increasing the IV antibi-
otic dose increases the incidence of antibiotic-associated
adverse events, such as hepatic and renal toxicity, and
longer courses of antibiotic therapy are associated with

increased rates of antibiotic resistance without increasing
cure rates.”" Therefore, systemic antibiotic administra-
tion might not be the ideal approach to achieving local
MBECs in the joint.

Two-stage revision is considered to be the gold
standard for PJI treatment.’? During the first stage, an
antibiotic-loaded cement spacer (ALCS) is implanted in
the joint after debridement, followed by a two-week or
longer course of IV antibiotics.”® However, the eradica-
tion rate of infections remains unsatisfactory, especially
in cases associated with methicillin-resistant Staphylo-
coccus aureus (MRSA). Up to 28% of the patients require
repeated debridement due to infection recrudescence
caused by MRSA.™ Although up to 4 g of vancomycin can
be added to 40 g cement powder when generating an
antibiotic spacer, according to some clinical reports'™®
and reviews,'”'® less than 5% of the total vancomycin
has been shown to be released from cement spacer,'?
and an effective vancomycin concentration was only
detected during the first few days after spacer implan-
tation.?22 Thus, the traditional approach of combining
systemic vancomycin with an ALCS does not appear to
be an optimal approach for achieving MBECs, due to the
limited spacer antibiotic loading and release.

The local injection of antibiotics directly into the artic-
ular cavity, rather than the systemic administration of anti-
biotics or the use of an antibiotic spacer, might represent
a promising approach to achieving a sufficient antibiotic
MBEC in the joint. Several surgeons have administered
IA vancomycin for infection control during one-stage
revision arthroplasties after PJl, achieving satisfactory
outcomes (infection eradication rates of 89%, 94%, and
95% have been reported).?** However, IA applications
of vancomycin during two-stage revision arthroplasty
after PJI have not been investigated. This study explored
the efficacy and safety of IA vancomycin injections for PJI
control after debridement and cement spacer implan-
tation during a two-stage revision arthroplasty in a rat
model, to provide the experimental evidence to support
clinical PJI treatment.

Methods

Animals and reagents. The study was designed and per-
formed following the Animal Research: Reporting of In
Vivo Experiments (ARRIVE) and the Institutional Animal
Care and Use Committee (IACUC) guidelines. An ARRIVE
checklist is included in the Supplementary Material to
show that the ARRIVE guidelines were adhered to in this
study. A total of 52 specific pathogen-free grade Wistar
rats (male, 12 weeks old, weighing 304 g + 7) were used
in the current study. All rats were housed in ventilated
and sterilized cages at 22+2°C (humidity: 55+£5%) on a
12 h light/dark cycle with free access to standard chow
and water.Clinical-grade vancomycin hydrochloride for
injection was obtained from Lilly (Japan).

Study design. The rats underwent total knee arthroplas-
ty (TKA) surgery and MRSA inoculation (50 pl of 1.75
x 107 colony-forming units (CFUs)/ml; ATCC-43300;
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Table 1. Allocation of animals per group and investigations.

Analyses

Number of animals

Total animals (n = 13 per group)

TKA surgery + bacterial inoculation (Day 0)
Debridement and cement spacer implantation (Day 14)
Serum a1-AGP levels (Days 0, 1, 7, 14, and 28)
General status (Days 0, 1, 4, 7, 11, 14, 21, and 28)
Incision examination (Day 28)

radiograph and micro-CT (Day 28)

Knee histology (Day 28)

Cement spacer SEM (Day 28)

Microbiology (Day 28)

Serum levels of vancomycin (Day 28)

Liver or kidney histology (Day 28)

Serum ALT, AST or Cr analysis (Day 28)

12345678910111213
XXXXXXXXXXXXX
XXXXXXXXXXXXX
XXX XXX
XXXXXXXXXXXXX
XXXXXXXXXXXXX
XXX XXX

XXX XXX

XXX XXX
XXXXXXX

XXX XXX
XXXXXXXXXXXXX

XXXXXXXXXXXXX

ALT, alanine aminotransferase; AST, aspartate aminotransferase; Cr, creatinine; SEM, scanning electron microscopy; TKA, total knee arthroplasty;

a1-AGP, alpha-1-acid glycoprotein.

intra-articular injection), then rats were randomly as-
signed to four groups after debridement at two weeks
postoperatively: 1) control (antibiotic-free cement spac-
er), n = 13; 2) vancomycin-cement spacer (4 g vancomy-
cin per 40 g cement powder, 10%, (wt/wt)), n = 13; 3)
vancomycin-cement spacer and intraperitoneal injection
of vancomycin (88 mg/kg, 1 ml, every 12 hours (Q12h),
equivalentto 1 g, IV, Q12h in a patient weighing 70 kg),
n = 13; 4) vancomycin-cement spacer and intra-articular
injection of vancomycin (44 mg/kg, 150 pl, once per day
(QD), equivalent to 0.5 g, intra-articular, QD in a patient
weighing 70 kg), n = 13. Doses for the weight-based in-
traperitoneal and intra-articular vancomycin administra-
tions were based on routine therapeutic antibiotic doses
used for skeletal infections in humans,?*?¢ and correspond
to vancomycin doses used in a prior rat model.?”-?® Table |
reports the allocation of animals per group and the rela-
tive analysis.

Vancomycin-cement elution sample and cement spacers
preparation. Following a protocol for the elution test
sample preparation published in previous literature,*° the
vancomycin cement (4 g vancomycin per 40 g cement
powder, 10 %, (wt/wt)) mixture was hand-mixed and then
manually pressed into a metal mould to form uniform test
cylindrical specimens (height: 12 mm £ 0.1, diameter: 6
mm + 0.1). A 3D mould of the rat knee joint was print-
ed based on available anatomical data (Supplementary
Figure ah). Vancomycin cement spacers (4 g vancomy-
cin per 40 g cement powder) and antibiotic-free acrylic
cement (VERSABOND, UK) spacers were generated using
the 3D-printed mould to form uniform spacers (height:
2 mm, diameter: 5 mm), which were sterilized with ethyl-
ene oxide (sterilization temperature: 55°C to 60°C, under
negative pressure; sterilization time: one hour; residual
removal time > 12 hours; the entire process lasted longer
than 15 hours).

Bacteria. MRSA (ATCC-43300) was streaked onto Luria-
Bertani (LB) agar plates (Solarbio, China) and incubated
overnight at 37°C. Individual colonies were cultured in

LB broth overnight at 37°C with shaking. After centrifu-
gation (1,878 x g, 10°C, 10 mins), bacteria were rinsed in
phosphate-buffered saline (PBS) and resuspended to an
inoculum of (1.65 to 1.80) x 108 CFU/ml, as determined
by the absorbance at 600 nm (absorbance value was ap-
proximately 0.5), and confirmed by overnight culture on
plates.

Vancomycin elution and bioassay of vancomycin activi-
ty. Cylinders (n = 6) were submerged in 5 ml of PBS at
37°C with constant shaking at 60 rpm. Samples were re-
moved from the fluid at specific times (12 hours, 1 day,
3 days, 5 days, 7 days, 10 days, 14 days, and 28 days),
gently washed, and transferred to 5 ml of fresh PBS to
maintain sink conditions. The concentrations of vanco-
mycin released in the collected eluents were quantified
by high-performance liquid chromatography mass spec-
trometry (HPLC-MS, Thermo TSQ Quantis, USA; external
standard; filter: SRM MS2; 725.80 to 1,307.39 m/z; mass:
1,307.39 m/z; retention time: 3.50 mins; solvents: 1% for-
mic acid water and pure acetonitrile; columns: Hypersil
GOLD, Thermo Fisher, USA, 100 x 2.1 mm, 3 ym; flow
rates: 0.2 ml/min; time: 6 mins). The biological activi-
ties of released vancomycin were studied by applying
aliquots of each sample (n = 6) to a modified micro-
tube dilution bioassay (10 ul elution sample at specific
times was added to 100 ul of 10° CFU/ml tested bacterial
broth in 96-well plates).” The strain of the current study
(MRSA, ATCC 43300) was selected as the test organism.
The in vitro samples were inoculated with 10° CFU/ml of
MRSA in 96-well culture dishes and incubated at 37°C for
24 hours. The growth of MRSA associated with the col-
lected vancomycin eluents of different times were com-
pared visibly against the positive control (without anti-
biotic). The MIC of vancomycin against ATCC 43300 was
determined by microtube dilution bioassay.*'

Animal surgery procedures. The rats (n = 13 per group)
were anaesthetized using 2.5% isoflurane by inhalation
delivered via nose cone, and preoperative analgesics,
consisting of subcutaneous buprenorphine (0.1 mg/kg)
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Fig. 1

Vancomycin elution from cement specimens and biological activity assays within the 28-day period for in vitro samples. a) The cumulative release of
vancomycin (ug) from acrylic cement cylinders specimens measured with elution assays over 28 days (12 hours, 1, 3, 5, 7, 10, 14, and 28 days); n = 6. b) The
overall released percentage (%) of vancomycin in the total cumulative elution from the cylinders over 28 days (12 hours, 1, 3, 5, 7, 10, 14, and 28 days); n = 6.
©) The in vitro biological activity using a modified microtube dilution bioassay against methicillin-resistant S. aureus in the current study (MRSA; ATCC 43300)
of released vancomycin from cement specimens over 28 days (12 hours, 1, 3, 5, 7, 10, 14, and 28 days). The data in the figures represent the means and

standard error of the means.

and parecoxib (2 mg/kg), were administered. After sterile
draping of the surgical site, a 2 cm midline longitudinal
skin incision was made over the right knee. After knee
joint exposure, the anterior cruciate ligament and medial
and lateral menisci were removed. Most of the cartilagi-
nous surfaces were removed and replaced with artificial
joint prostheses (Supplementary Figures aa and ab). After
closing the joint capsule, the joint cavity was injected
with 50 pl of 1.75 x 107 CFU/mI MRSA (ATCC-43300). X-
rays were performed immediately after the operation to
confirm the position of the prosthesis (Supplementary
Figure ac) (Bruker Xtreme Bl, Germany; filter: 0.4 mm; 45
kVp; exposure time: 1.2 s; bin: 1 x 1 pixels; field of view
(FOV): 10 cm; F-stop: 2). Pain was controlled with bu-
prenorphine (0.1 mg/kg) for three days post-surgery. On
day 14 after TKA surgery and bacterial inoculation, all in-
cisions were healed. Prosthesis loosening and mild bone
osteolysis were observed by radiograph (Supplementary
Figure af), with ulceration and abscesses observed both
extra-articularly and intra-articularly (Supplementary
Figures ad and ae). The synovial tissues and prosthesis
were removed for bacterial culture, as described under
the microbiological analysis section below. Bacterial de-
tection and identification were performed to confirm the
successful establishment of the MRSA PJI model (catalase
testing, Gram staining, rapid agglutination test of rab-
bit plasma coagulase, cefoxitin susceptibility test disk).
Debridement was performed, and a cement spacer was
implanted in the joint (Supplementary Figures ag to ai).
Rats assigned to the intraperitoneal or intra-articular
vancomycin groups were injected with vancomycin as
described in the study design section for 14 consecutive
days after the revision surgery. All animals were eutha-
nized on day 28 (post-debridement day 14), and blood
collection and tissue harvesting were performed in ac-
cordance with the IACUC-approved protocol.

General status. The body weights (n = 13), body temper-
atures (n = 13), and daytime weightbearing activities (n
= 6; as described in the figure legends) of the rats were
recorded preoperatively, and on postoperative days 1, 4,
7,14, 21, and 28.

Blood biochemical markers and serum levels of vancomy-
cin. Serum samples were obtained by centrifugation
(1,057 x g, 4°C, 15 mins). The serum levels of alpha-1-
acid glycoprotein (a1-AGP; n = 6), creatinine (Cr; n =
13), alanine aminotransferase (ALT; n = 13), and aspar-
tate aminotransferase (AST; n = 13) were measured by
enzyme-linked immunosorbent assay (ELISA; CUABIO,
China). The serum levels of vancomycin (n = 6) before
and after the last vancomycin injection were detected by
HPLC-MS (filter: SRM MS2; 725.80 to 1,307.30 m/z; mass:
1,307.30 m/z; retention time: 1.58 mins) on day 28 (pre-
injection, 0.5, two, and four hours after injection).
Radiograph imaging. Radiographs were obtained for the
right hind limbs (n = 6) on day 28 to confirm cement
spacer positioning and bone destruction osteolysis using
the Bruker Xtreme Bl (Germany) general unit and digi-
tal detector plate (filter: 0.4 mm; 45 kVp; exposure time:
1.2's; bin: 1 x 1 pixels; FOV: 10 cm; F-stop: 2).

Micro-CT imaging and data analysis. The prostheses were
carefully removed from the joint, and micro-CT analysis
(n=6) was performed to evaluate the bone volume in the
distal femoral and proximal tibial using a SkyScan 1276
scanner (Bruker, Germany; voltage: 70 kV; current: 200
PA; exposure time: 446 ms/projection; scanning position
=156.463 mm, camera binning = 1 x 1, rotation step (°)
=0.30, scan duration: O hr:6 mins:50 s, camera pixel size:
17.420 pm; isotropic resolution: 93 ym; image pixel size:
9.0338 pm; filter: Al 0.5 mm; 180° rotation). Scan images
were reconstructed, and bone parameters surrounding
the cement spacer were assessed using CT-viewer ver-
sion 2.0.4.5 software (Materialise, Belgium). We analyzed

BONE & JOINT RESEARCH



INTRA-ARTICULAR VERSUS SYSTEMIC VANCOMYCIN FOR THE TREATMENT OF PERIPROSTHETIC JOINT INFECTION 375

a 36.2 —— Anti-free spacer —— VAN-spacer b 360+ -e- Anti-free spacer -+ VAN-spacer
~e- IP&VAN-spacer -# |A&VAN-spacer - IP&VAN-spacer = |A&VAN-spacer *k
[
<
@ 35.8+ __ 340
2 2
S -
o =
e =
£ )
2 s
> 35.4- 320
°
o
[11]
35 T T T L T T 1
01 4 7 " 14 21 28 0
Day (s) Day (s)
c _ 807 - Anti-free spacer -+ VAN-spacer d 500 - Anti-free spacer - VAN-spacer
c
é - IP&VAN-spacer = |A&VAN-spacer -o- IP&VAN-spacer - |A&VAN-spacer
[
[ — 400+
E E
z (=}
2 2 3004
£ ]
2 <
-
2 S 200
£ £
© S .
b} 5 ok
£ 9 1004
2
]
=
SR T P 28 o 7 14 2
Day (s) Day (s)
Fig. 2

Changes in the general status and serum inflammatory markers of rats from different treatment groups throughout the experiment. a) Changes in body
temperature of rats were detected from four treatment groups throughout the experiment (within 28 days). An electronic animal thermometer and infrared
thermometer were used to measure the anal and rectal temperatures of rats preoperatively (day 0) and on postoperative days 1, 4, 7, 11, 14, 21, and 28. n =
13. b) The body weights of rats in each group were recorded using an electronic scale preoperatively (day 0) and on postoperative days 4, 7, 11, 14, 21, and
28; n =13. c) Changes in weightbearing activities for the right knee of rats were observed via their daytime weightbearing activities, which were monitored in
a large carton using video software on an iPhone 10 (Apple, USA). The weightbearing incidences, when the right foot made contact with the ground during a
three-minute period were recorded and analyzed preoperatively (day 0) and on postoperative days 1, 4, 7, 14, 21, and 28; n = 6. d) Changes in serum alpha-
1-acid glycoprotein (a1-AGP) levels were detected in each treatment group throughout the experiment, measured on days 0, 1, 7, 14, and 28, n = 6. The four
treatment groups were as follows: Control (antibiotic-free cement spacer); Van-Cement spacer (4 g vancomycin per 40 g cement powder); IP & Van-Cement
spacer (4 g vancomycin per 40 g cement powder and intraperitoneal (IP) injection of vancomycin, 88 mg/kg, 1 ml, every 12 hours); IA & Van-Cement spacer
(4 g vancomycin per 40 g cement powder and intra-articular (IA) injection of vancomycin, 44 mg/kg, 150 pl, once per day). The data in the figures represent
the means and standard error of the means. Significance was evaluated using a two-way analysis of variance (ANOVA). **p < 0.01 (compared with Control
group), *#p < 0.01 (compared with Van-spacer group).

the 3D bone reconstructed images with CT-An software conductive coating using a Q150R S Plus Sputter Coater
(Bruker). After scan calibration, we created two identical (Quorumtech, UK), and observed using a Zeiss Auriga
box volumes of interest (VOIs), sized 1,327.446 mm? (X: field emission scanning electron microscope (SEM) and
13.55 mm; Y: 13.55 mm; Z: 7.23 mm) for the distal fem- Gatan digital camera system (SEM voltage: 20 kV; SEM
oral and proximal tibial metaphysis (number of femur or magnification: 5,000x and 10,000x; Zeiss, Germany).
tibia images inside VOI was 800, respectively). The bone  MRSA was identified as spherical structures with the fol-
volumes (BVs, mm?®) within these two VOIs were quanti- lowing features: no surface deformities, organized in pairs
tatively measured and reported as the residual bone vol-  or clusters, and approximately 0.8 ym to 1.0 ym in diam-
ume in each group. eter. Host leucocytes were identified as spherical objects
Scanning electron microscopy of cement spacers. Cement larger than 2 pm proximal to bacteria, with or without
spacers (n = 6) were carefully removed, and their surfaces  extracellular material coverage, and not adherent to the
were examined by a single, experienced observer (YHW, surface of cement spacers.3? Erythrocytes were identified
see Acknowledgements) blinded to treatment. The sam-  as double concave disks with a mean diameter of 7 ym.33
ples were fixed (2.5% glutaraldehyde 4°C 24 hours, os- Microbiological analysis. On day 28, the surgical incision site
mium acid two hours), dehydrated in an alcohol gradient ~ was sterilized and then reopened under sterile conditions.
(concentration of 50%, 60%, 80%, 95%, and 100%, for Sterile instruments were used to harvest joint tissue (n =
ten minutes per concentration), dried in an EM CPD300  7), including the muscles and soft-tissues around the knee,
Critical Point Dryer (Leica, Germany), coated with a bone, and cement spacers. Tissue specimens were placed in
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Radiological evaluation of the knee joint in four treatment groups of rats on day 28. a) Radiograph of the right hind limb. b) 3D CT scan and bone
reconstruction of the distal femur and proximal tibia. c) Bone volume (BV) analysis of the distal femur of micro-CT. d) BV analysis of the proximal tibia of
micro-CT. e) Total BV analysis of the distal femur and proximal tibia of micro-CT. The four treatment groups were as follows: Control (antibiotic-free cement
spacer); Van-Cement spacer (4 g vancomycin per 40 g cement powder); intraperitoneal (IP) & Van-Cement spacer (4 g vancomycin per 40 g cement powder,
and IP injection of vancomycin, 88 mg/kg, 1 ml, every 12 hours); intra-articular (IA) & Van-Cement spacer (4 g vancomycin per 40 g cement powder, and IA
injection of vancomycin, 44 mg/kg, 150 ul, once per day); n = 6. The data in the figures represent the means and standard error of the means. Significance
was evaluated using a Mann—Whitney U test for the comparison of bone volume. *p < 0.05, **p < 0.01 (compared with Control group), *p < 0.05, #p < 0.01
(compared with Van-spacer group). The red arrow indicates the position of bone destruction in the distal femur or proximal tibia.

10 ml sterile PBS and homogenized with a fast tissue grinder
(70 Hz; 10 min; JXFSTPRP, China). A 100 ul volume of super-
natant was inoculated onto LB agar Petri dishes and incu-
bated for 24 hours at 37°C. The retrieved cement spacer was
placed in 2 ml sterile PBS solution (containing 0.3% Tween

20) and sonicated to stimulate bacterial biofilm release from
the spacer.* A 100 pl aliquot of cement spacer supernatant
was plated as described for tissue supernatants. Bacterial
colonies were quantified using the plate count method.3¢%
According to the results of bacterial culture for 24 hours,
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Microbiological evaluation in joint tissues of rats in each treatment group on day 28. a) Microbes on the surfaces of cement spacers were observed by
scanning electron microscopy, at high magnification (x5,000 and x10,000); the red arrow indicates methicillin-resistant Staphylococcus aureus (MRSA),
the blue triangle indicates leucocyte, and the yellow circle indicates erythrocyte. b) Analysis of microbial culture counts from knee joint bones (including
the distal femur and proximal tibia). c) Analysis of microbial culture counts from all soft-tissues around the surgical knee joint. d) Analysis of the microbial

culture counts for cement spacers. e) Analysis of microbial culture counts for the total knees. The four treatment groups were as follows: Control (antibiotic-
free cement spacer); Van-Cement spacer (4 g vancomycin per 40 g cement powder); intraperitoneal (IP) & Van-Cement spacer (4 g vancomycin per 40 g
cement powder, and IP injection of vancomycin, 88 mg/kg, 1 ml, every 12 hours); intra-articular (IA) & Van-Cement spacer (4 g vancomycin per 40 g cement
powder, and IA injection of vancomycin, 44 mg/kg, 150 pl, once per day). n = 7. The data in the figures represent the means and standard error of the means.
Significance was evaluated using a Mann—-Whitney U test for the comparison of microbial counts. *p < 0.05, **p < 0.01 (compared with Control group), *p

< 0.01 (compared with Van-spacer group), ““p < 0.01 (compared with IP & Van-spacer group). MRSA was identified as spherical structures with the following
features: no surface deformities and approximately 0.8 to 1.0 ym in diameter. Host leucocytes were identified as spherical objects larger than 2 ym proximal

to bacteria, with or without extracellular material coverage, and not adherent to the surface of cement spacers. Erythrocytes were identified as double

concave disks with an mean diameter of 7 pm.

the initial tissue or cement supernatant was diluted gradi-
ently and cultured until the colony counts ranged from O
to 200 CFU/100 pl. The bacterial testing was conducted in
triplicate repeatedly and the mean was calculated.

Histopathology. Histopathological analyses (knee joint
bone and capsule, n = 6) were performed to assess
inflammation, bone necrosis, and osteomyelitis, and
verify the presence of tissue degeneration or necrosis
in the liver (n = 13) and kidney (n = 13). After decalci-
fication (bone; 0.3 M ethylenediaminetetraacetic acid,
28 days), dehydration (ethanol, xylene, and paraffin),
and paraffin-embedding (all samples), the samples
were sectioned (4 ym) and stained with haematoxylin

and eosin (H&E). All the slices were observed and
photographed using a H550S Photo Imaging System
(Nikon, Japan).

Statistical analysis. According to prior rat PJI stud-
ies,’”*2 we chose an appropriate sample size to reduce
Type 1 errors using the G-power program (version 3.1;
Germany; serum a1-AGP levels, n = 6; serum vancomy-
cin levels, n = 6; microbiological analysis of joint tissue,
n = 7; micro-CT analysis of the knee joint, n = 6; SEM of
the cement spacer, n = 6; histopathological analysis of
the knee, n = 6). Statistical analyses were performed us-
ing SPSS software (version 22.0; IBM, USA) and are pre-
sented as the means and standard error of the means
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Table II. Mean colony-forming unit data from Figures 4b to 4e.

Group Animal number Bone Soft-tissue Cement spacer Total
Antibiotic-free spacer 1 1.875 x 10° 3.54 x 10° 1.45 x 10° 6.86 x 10°
2 3.75x10° 2.28 x 10° 3.22x10° 9.25 x 10°
3 3.50 x 10° 1.84 x 10° 6.43 x 10° 1.17 x 108
4 1.52 x 10° 2.08 x 10° 4.50 x 10° 8.10 x 10°
5 1.80 x 10° 6.60 x 10° 3.54 x 10° 1.19 x 10¢
6 5.20 x 10° 1.44 x 10° 4.38 x 10° 1.10 x 106
7 9.20 x 10* 4.96 x 10° 2.88 x 10° 8.76 x 10°
Van-spacer 1 6.55 x 10* 2.86 x 10* 520 9.46 x 10*
2 2.84 x 10* 4.52 x 10* 738 7.43 x 10*
3 1.25 x 10° 4.36 x 10° 86 5.61 x 10°
4 4.34 x 10* 3.70 x 10* 475 8.08 x 10*
5 1.66 x 10* 2.94 x10° 120 3.11 x10°
6 5.35x10* 8.60 x 10* 323 1.39 x 10°
7 1.84 x 10* 1.27 x 10° 60 1.45x10°
IP & Van-spacer 1 24 36 50 110
2 37 240 26 303
3 25 127 38 190
4 38 820 225 1083
5 50 96 44 190
6 0 0 0 0
7 132 54 128 314
IA & Van-spacer 1 0 0 0 0
2 0 0 0 0
3 0 0 0 0
4 0 0 0 0
5 0 0 0 0
6 0 0 0 0
7 0 0 0 0

The four treatment groups: Control (antibiotic-free cement spacer); Van-Cement spacer (4 g vancomycin per 40 g cement powder); IP & Van-
Cement spacer (4 g vancomycin per 40 g cement powder, and IP injection of vancomycin, 88 mg/kg, 1 ml, every 12 hours); IA & Van-Cement
spacer (4 g vancomycin per 40 g cement powder, and |A injection of vancomycin, 44 mg/kg, 150 pl, once per day); n = 7. The limit of detection
of bacteria in the culture results was 0 colony-forming units, and each sample was tested in triplicate repeatedly and averaged.

IA, intra-articular; IP, intraperitoneal; Van, vancomycin.

(SEM). Normality was assessed using the Shapiro-Wilks
test, with Levene’s test used to determine the equali-
ty of variances. Independent-samples t-tests were used
for between-groups comparison of normally distribut-
ed data. Within-group differences were analyzed with
paired t-tests or, where appropriate, repeated measures
analysis of variance (ANOVA) with Dunnett’s post-hoc
analysis. Non-normally distributed data were compared
using a Mann-Whitney U test or Kruskal-Wallis test
with Dunn’s post-hoc analysis. A p-value < 0.05 was
considered significant.

Results

Vancomycin elution and bioassay of vancomycin activi-
ty. Over the entire 28-day period, the cumulative release
of vancomycin from cement cylinders was 3.833% (SEM
0.806%; (1,456.64 pg (SEM 306.27))). The released pro-
portion of vancomycin in the total cumulative elution
was 82.52%, 92.86%, and 98.48% on days 3, 7, and 14,
respectively (Figures 1a and 1b). The antibacterial effects
against MRSA (ATCC 43300) lasted for less than three

days (Figure 1c). The vancomycin MIC of ATCC 43300
used in the current study was detected as 2 pg/ml.

General status and serum infection biomarkers. No signif-
icant differences among the four groups were observed
for body temperature throughout the entire experiment
(Figure 2a). No significant differences in body weight
were detected among the vancomycin spacer only (Van-
spacer), intraperitoneal vancomycin and vancomycin
spacer (IP & Van-spacer), or intra-articular vancomycin
and vancomycin spacer (JA & Van-spacer) groups on
day 28 (Figure 2b, p = 0.065, 0.161, and 0.974, respec-
tively), whereas the body weights in the IP & Van-spacer
and IA & Van-spacer groups were greater than that of
the antibiotic-free spacer (Control) group (p = 0.002 and
0.001, respectively). More weightbearing activities were
observed at day 28 in the IP & Van-spacer and IA & Van-
spacer groups, especially in the IA & Van-spacer group
(Figure 2¢), than in the other groups. In addition, serum
alpha-1-acid glycoprotein (a1-AGP), a biomarker for in-
fection in rats, was also reduced in the IP & Van-spacer
and IA & Van-spacer groups at day 28 (no significant
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Fig. 5

Histopathological assessment of the tissue surrounding the knee joint in the four treatment groups on day 28. a) Haemotoxylin and eosin (H&E) staining of
knee joint (femur and tibia) at low magnification (x6) (upper) and high magnification (x200) (lower). The blue square represents the area of the distal femur
osteotomy, and the black square indicates the area of the proximal tibia osteotomy. b) Representative of H&E staining of joint capsules at low magnification
(x40) (upper) and high magnification (x400) (lower). The blue square shows the area where inflammatory cells were concentrated. The four treatment
groups were as follows (n = 6): Control (antibiotic-free cement spacer); Van-Cement spacer (4 g vancomycin per 40 g cement powder); intraperitoneal (IP)
& Van-Cement spacer (4 g vancomycin per 40 g cement powder, and IP injection of vancomycin, 88 mg/kg, 1 ml, every 12 hours); intra-articular (IA) & Van-

Cement spacer (4 g vancomycin per 40 g cement powder, and |A injection of vancomycin, 44 mg/kg, 150 pl, once per day).

difference between these two groups) compared with
the Control and Van-spacer groups (Figure 2d).

Radiological evaluation. On day 28, radiographs showed
that the cement spacers were still in the joints, but all
of them were accompanied by signs of bone destruction
around the joint, especially the proximal tibia (Figure 3a).
Control group showed obvious osteolysis and destruc-
tion of the proximal tibia and distal femur. However,
the radiograph results for the IP & Van-spacer and 1A &

Van-spacer groups showed milder osteolysis of the knee
joint compared with the Control group (Figure 3a).
Moreover, the BV of the distal femur, proximal tibia, and
total knee in the Control and Van-spacer groups were re-
duced compared with those of the IP & Van-spacer and IA
& Van-spacer groups (Figures 3b to 3e, p < 0.05).

Evaluation of microbial counts. A greater quantity of
MRSA was observed in the Control group by SEM, sur-
rounded by host leucocytes, with no other microbial
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Evaluation of the incision healing and toxicology in the liver and kidney was carried out on day 28 in the four rat treatment groups. a) Incision healing. b)
Pathological haemotoxylin and eosin (H&E) staining of liver at high magnification (x400). c) Pathological H&E staining of the kidney at high magnification

( x400). d) Serum creatinine (Cr) levels on day 28, n = 13 per group. e) Serum alanine aminotransferase (ALT) levels on day 28, n = 13. f) Serum aspartate
aminotransferase (AST) levels on day 28, n = 13. The four treatment groups were as follows: Control (antibiotic-free cement spacer); Van-Cement spacer (4 g
vancomycin per 40 g cement powder); intraperitoneal (IP) & Van-Cement spacer (4 g vancomycin per 40 g cement powder, and intraperitoneal injection

of vancomycin, 88 mg/kg, 1 ml, every 12 hours); intra-articular (IA) & Van-Cement spacer (4 g vancomycin per 40 g cement powder, and |A injection of
vancomycin, 44 mg/kg, 150 pl, once per day). The data in the figures represent the means and standard error of the means. Significance was evaluated using
two-way analysis of variance (ANOVA) for the comparison of serum ALT, AST, and Cr between the treatment groups.

contaminationfoundinanyfield of view (FOV). No bacteria
were observed in the IA & Van-spacer group (Figure 4a).
Few microorganisms remained in the Van-spacer and IP
& Van-spacer groups, with fewer MRSA detected in the
IP & Van-spacer group than in the Control or Van-spacer
groups (Figure 4a). Significantly fewer median colonies
were detected for the IP & Van-spacer group than for
the Control and Van-spacer groups, whereas more col-
onies were detected in the IP & Van-spacer group than
in the IA & Van-spacer group (no bacterial residue in any

specimen; Figures 4b to 4e and Table Il, p = 0.003, 0.003,
0.009, and 0.003, respectively).

Evaluation of knee inflammation. Severe osteomyelitis
changes were observed in the Control and Van-spacer
groups, such as intramedullary abscess, necrotic bone
formation, trabecular bone defects, and inflammatory
cell aggregation, whereas tissue inflammation was large-
ly attenuated in the IP & Van-spacer and IA & Van-spacer
groups, especially the IA & Van-spacer group (Figure 5a).
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Table I1l1. Serum levels of vancomycin pre-injection, and 0.5, two, and four hours after injection on day 28.

Group Pre-injection 0.5 hrs (ug/ml) 2 hrs (ug/ml) 4 hrs (pg/ml)
Control 0 0 0 0
Van-Cement * * * *
IP & Van-Cement * 9.42+£1.38 3.99 +0.63 *
IA & Van-Cement * 5.28+0.73 3.30+£0.33 *

Control (antibiotic-free cement spacer); Van-Cement spacer (4 g vancomycin per 40 g cement powder); IP & Van-Cement spacer (4 g
vancomycin per 40 g cement powder, and IP injection of vancomycin, 88 mg/kg, 1 ml, every 12 hours); IA & Van-Cement spacer (4 g
vancomycin per 40 g cement powder, and |A injection of vancomycin, 44 mg/kg, 150 pl, once per day); n = 6.

*Below the limit of detection (1 pug/ml).
IA, intra-articular; IP, intraperitoneal; Van, vancomycin.

Similar changes were also observed in the joint capsule
(Figure 5b).

Evaluation of adverse drug effects. All the incisions were
healed on day 28, without wound ruptures, exudation,
or sinus tracts (Figure 6a). The serum Cr, ALT, and AST
levels in each treatment group were all within the nor-
mal range, and no significant differences were observed
among the four groups (Figures 6d to 6f, Cr (p = 0.924,
0.798, and 0.916, compared with Control group), ALT
(p = 0.982, 0.674, and 0.993, compared with Control
group), AST (p =0.995, 0.890, and 0.997, compared with
Control group)). No obvious structural changes were ob-
served in the liver (Figure 6b), although mild changes
in the renal inflammatory cell infiltration were observed
in the IP & Van-spacer group compared with the IA &
Van-spacer group, Van-spacer group, and Control group
(Figure 6c¢). The serum vancomycin levels in the vanco-
mycin treatment groups were sub-nephrotoxic (15 to
20 pg/ml) (Table III).43-#

Discussion

In the current study, we tried to extend the application
of vancomycin by IA injections to treat PJI during a two-
stage revision arthroplasty. Compared with routine clin-
ical IV vancomycin administration, |A injection may be
more effective after debridement or revision, allowing
vancomycin to reach the joint cavity and surrounding
inflamed tissues while maintaining a constant and high
concentration. Thus, local vancomycin injections could
maintain high drug concentrations in the infected tissues,
reducing systemic adverse effects, which might represent
a more effective and safe strategy for PJI control.*® Ortho-
paedic surgeons have previously attempted to apply
vancomycin in PJI cases caused by S. aureus or MRSA
to control the infections after one-stage revision arthro-
plasty, either intra-articularly or systematically. The treat-
ment duration often lasts for six weeks or more. Although
promising results were obtained, the limited number of
studies and the small sample sizes resulted in a low overall
quality of evidence, and some data were obtained from
retrospective studies or case reports.?*2>49% No standard
protocol or therapeutic regimen has been developed
with consensus. We evaluated the local use of vanco-
mycin for the eradication of infection after debridement
and cement spacer implantation in a novel rat-based P)I

model mimicking the two-stage revision process, which
provided direct and reliable evidence regarding the IA
application of vancomycin in the treatment of animal PJI
during two-stage revision.

The in vitro elution data showed that vancomycin
release from the cement primarily occurred within the
first seven days (92.86% of cumulative release), espe-
cially on the first day. The cumulative release of vanco-
mycin from the cement did not exceed 4% of the total
vancomycin added to the cement throughout the 28-day
period. These in vitro elution results of vancomycin
cement were consistent with previous studies.”?? The
PJI rat model indicated that implantation of vancomycin-
loaded cement spacers alone following debridement
was unable to eliminate bacteria, either on the spacer or
from joint tissues during a two-week treatment course;
systemic vancomycin combined with a vancomycin-
spacer was also insufficient. However, a vancomycin
spacer combined with IA vancomycin was effective for
eliminating the bacteria both on the spacer and in joint
tissues after a two-week treatment course in the current
rat model. General status, weightbearing activity, serum
al1-AGP levels, and histopathology also indicated that the
combination of a vancomycin spacer and |A vancomycin
injection resulted in better infection control outcomes
than the vancomycin spacer alone, or the vancomycin
spacer with systematic vancomycin. However, no statis-
tical differences in the radiological evaluation were
observed between the IA & Van-spacer group and IP &
Van-spacer group. The possible reason was that weight-
bearing activity of the rats in the IA & Van-spacer group
was accelerated after bacterial eradication, which resulted
in the accelerated wear of knee bone and cement spacer.
Moreover, the sample size used in the CT analysis was
probably too small, which might bias our results. Thus,
an IA vancomycin injection combined with a vancomycin-
loaded cement spacer might be the ideal option for elimi-
nating PJI caused by MRSA.

In this rat model study, no notable local or systemic
adverse reactions were observed following IA vanco-
mycin injection, such as sinus tract, poor incision
healing, drug-induced osteolysis, nephrotoxicity, hepa-
totoxicity, body weight reductions, or decreased activity.
However, some mild pathological changes in the kidney
were observed in the IP & Van-spacer group, which
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were considered evidence of nephrotoxicity caused by
systemic vancomycin, despite serum vancomycin levels
in the current study being lower than the reported
concentration necessary to induce nephrotoxicity (15 to
20 pg/ml).*** This phenomenon was consistent with the
previous experimental studies in rats describing the renal
toxicity of vancomycin.’’* Clinical cases of nephrotox-
icity following the use of conventional vancomycin doses
have also been reported, with an incidence ranging from
5% to 22%.557 Therefore, the use of IA vancomycin in
our current study appears safer for rats than systemic
vancomycin.

However, this study still has some limitations. First, it
is a rat-based study, which cannot accurately represent
human PJI and treatment conditions, as the absorption,
distribution, metabolism, and excretion of drugs in rats
differs from those in humans,*® as well as the biody-
namics and biomechanical characteristics of the knee.
Second, although the available literature suggests that
different debridement methods can influence Pl prog-
nosis,>>%° and some novel biomaterials can enhance the
elution of vancomycin without attenuating the strength
of cement,®' our study aimed to compare the efficacy of
different vancomycin administration approaches based
on uniform debridement and vancomycin-loaded acrylic
cement spacer implantation procedures. Third, our study
compared the efficacy between vancomycin application
approaches without the use of adjuvant oral antibiotics,
such as rifampicin, which might affect the ability of the
vancomycin spacer and/or systemic vancomycin treat-
ment to eliminate the infection. Further investigations
remain necessary to investigate the efficacy of additional
oral antibiotics. Fourth, because the synovial fluid volume
in the rat knee cavity was too small for sampling, we were
unable to determine the concentrations and pharmaco-
dynamics of vancomycin in the synovial fluid to test this
hypothesis. Experiments based on larger animals or even
humans are necessary. Fifth, we did not detect serum CRP
or interleukin-6 levels, which are elevated during early-
stage infection in humans. Instead, a1-AGP was used as
the characteristic serum biomarker for acute infection in
rats, based on evidence that acute inflammation induces
acute-phase protein synthesis, such as a1-AGP.62¢¢ Sixth,
SEM could not be used to quantify bacteria accurately
on the cement in our study because the surface of the
cement spacers was rough. Moreover, microorganisms
under the fibrous or scar tissue could not be visualized
by SEM, making it inferior to cement sonication plus
microbial culture counts in determining the number
of adherent bacteria. Last, our current experiment and
available clinical studies have not examined secondary
infections associated with IA vancomycin injections, but
potential adverse effects may occur due to the invasive
administration approach.

In conclusion, in the current TKA rat model of PJI, 1A
vancomycin injection was effective and safe for controlling
MRSA infection, and was able to eradicate the infection
during a 14-day treatment course after debridement and

vancomycin spacer implantation. More clinical trials and
follow-up studies remain necessary to further evaluate
the safety and efficacy of IA vancomycin injection in PJI
patients.

Supplementary material

38 Figure displaying total knee arthroplasty proce-
dure, establishment of the periprosthetic joint in-
fection model, debridement, and cement spacer

implantation in rats. An ARRIVE checklist is also included

to show that the ARRIVE guidelines were adhered to in

this study.
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