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Abstract
Background To mitigate the possibility of infection after
arthroplasty, intraoperative irrigation is essential to remove
contaminating bacteria. Previous studies have demonstrated
that irrigation with an EDTA solution before wound closure
is superior to irrigation with normal saline in removing
contaminating bacteria in a rat model of open fractures.
However, the effectiveness of an EDTA solution in a model
with a contaminated intra-articular implant remains unclear.

Questions/purposes (1) Does irrigation with an EDTA
solution decrease the proportion of culture-positive joints
compared with normal saline, benzalkonium chloride, and
povidone iodine? (2) Is an EDTA solution toxic to cells
resident in joints including chondrocytes, osteoblasts, and
synovial fibroblasts? (3) Does irrigation with an EDTA so-
lution have adverse effects including arthrofibrosis and
hypocalcemia?
Methods We first established a model of contaminated
intra-articular implants. Female Sprague-Dawley rats (n =
30 for each treatment group) underwent knee arthrotomy
and implantation of a femoral intramedullary wire with
1 mm of intra-articular communication. To simulate bacte-
rial contamination, the inserted wire was inoculated with
either Staphylococcus aureus or Escherichia coli. After 1
hour, the wound and implant were irrigated with normal
saline, benzalkonium chloride, povidone iodine, or an
EDTA solution (1 mM). The animals were euthanized
1 week later, and the distal femur, knee capsule, and
implanted wire were harvested for bacterial culture using
standard techniques. In this study, we used a well-
established animal model of an intra-articular implant and
inoculated the implant to simulate the clinical setting of
intraoperative contamination. The proportion of culture-
positive joints in normal saline, benzalkonium chloride,
povidone-iodine, and EDTA groups were compared. The
viable cell numbers (chondrocytes, osteoblasts, and synovial
fibroblasts) were counted and compared after treatment with
either solution. Measurement of blood calcium level and
histological examination of the joint were performed to rule
out hypocalcemia and arthrofibrosis after EDTA irrigation.
Results With S. aureus inoculation, EDTA irrigation
resulted in fewer culture-positive joints than normal saline
(37% [11 of 30] versus 70% [21 of 30]; p = 0.019),
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benzalkonium chloride (83% [25 of 30]; p < 0.001), and
povidone iodine (83% [25 of 30]; p < 0.001) irrigation.
Likewise, infection rates for implant inoculation with
E. coli were also lower in the EDTA irrigation group (13%
[four of 30]) than in the normal saline (60% [18 of 30]; p <
0.001), benzalkonium chloride (77% [23 of 30]; p < 0.001),
and povidone iodine (80% [24 of 30]; p < 0.001) groups.
Between normal saline control and EDTA, there were no
differences in cell viability in chondrocytes (normal saline:
98%6 18%; EDTA: 105%6 18%; p = 0.127), osteoblasts
(normal saline: 102 6 19%, EDTA: 103 6 14%; p =
0.835), and synovial fibroblasts (normal saline: 101% 6
21%, EDTA: 110% 6 13%; p = 0.073). EDTA irrigation
did not result in hypocalcemia (before irrigation: 2.21 6
0.32 mmol/L, after irrigation: 2.23 6 0.34 mmol/L; p =
0.822); and we observed no arthrofibrosis in 30 histologic
samples.
Conclusions In a rat model of a bacteria-contaminated
intra-articular implants, intraoperative irrigation with 1
mmol/L of an EDTA solution was superior to normal sa-
line, 0.03% benzalkonium chloride, and 0.3% povidone
iodine in preventing surgical-site infection and caused no
adverse effects including death of resident cells, arthro-
fibrosis, and hypocalcemia. Future studies should seek to
replicate our findings in other animal models, perhaps such
as dog and goat.
Clinical Relevance If other animal models substantiate the
efficacy and safety of the EDTA solution, clinical trials
would be warranted to determine whether the use of an
EDTA irrigation solution might reduce the risk of peri-
prosthetic joint infections in patients compared with tra-
ditional irrigation solutions.

Introduction

Surgical wound irrigation is an effective strategy to prevent
and eliminate surgical field contamination because irriga-
tion is able to physically remove contaminating bacteria.
The practice of using antiseptic irrigation to eliminate
intraoperative contamination has a long history, although
the debate as to whether antiseptics are beneficial con-
tinues. For instance, there is an international consensus to
support the recommendation from the CDC and WHO that
advocates the use of povidone iodine instead of normal
saline for wound irrigation during surgical procedures [3].
However, recent studies showed that intraoperative povi-
done iodine irrigation did not lead to a substantial reduction
in the risk of periprosthetic infection irrigation after THA
and TKA at 3 and 12 months after surgery [9, 10].

Adhesins are a group of bacterial proteins on the cell
membrane that establish adhesion with host tissues [4].
Calcium, zinc, and magnesium ions at multiple ion-binding
sites of adhesins are required for proper function [12, 21].

EDTA is a clinically-used chelating agent for metal ions that
could competitively deprive adhesins of these essential ions
[5, 15]. In an animal model of open fracture, irrigation with
an EDTA solution increased the removal efficacy of at-
tached bacteria and caused no additional toxicity compared
with irrigation with normal saline [23]. As a result, EDTA
irrigation reduced the infection risk in contaminated open-
fracture wounds and enhanced infection control in infected
wounds [23]. Recently, another study investigated the effi-
cacy of EDTA irrigation in implant-exposed wounds
involving a variety of bacterial species and consistent results
have been reported [6]. Because of its poor vascularity, the
joint capsule is more vulnerable to contaminated bacteria
than awound in soft tissue [13]. Thus, it is unknownwhether
intraoperative EDTA irrigationwould also bemore effective
against bacterial contamination of intra-articular implants.

Therefore, we asked: (1) Does irrigation with an EDTA
solution decrease the proportion of culture-positive joints
compared with normal saline, benzalkonium chloride, and
povidone iodine? (2) Is an EDTA solution toxic to cells
resident in joints including chondrocytes, osteoblasts, and
synovial fibroblasts? (3) Does irrigation with an EDTA
solution have adverse effects including arthrofibrosis and
hypocalcemia?

Materials and Methods

Study Overview

In this study, we used a well-established animal model of
intra-articular implants [7] and inoculated the implant to
simulate the clinical setting of intraoperative contamination.
We then irrigated the surgical field, a routine surgical pro-
cedure in clinical arthroplasty, with different irrigation sol-
utions to compare their efficacy. Based on a previous report
[7], we established a slightly modified model (in an in-
oculated bacteria amount due to the different strains) of
bacterial contamination of an intra-articular implant. Female
Sprague-Dawley rats, weighing between 225 g and 275 g
and aged between 10 to 12 weeks, were randomly assigned
to one of five irrigation treatment groups: control (no irri-
gation, n = 60), normal saline (n = 60), benzalkonium
chloride (n = 60), povidone iodine (n = 60), and an EDTA
solution (n = 60). Female rats were chosen because fighting
among cage companions is rare in contrast to their male
counterparts. This is important because any wounds caused
by the fighting might be potential routes for bacterial in-
vasion. Two commonly used, well-characterized laboratory
pathogens served as experimental bacterial inoculums of the
surgical site and experimental implant. Equal numbers (n =
30) of animals from the five experimental groups received
the two bacterial pathogens (Staphylococcus aureus and
Escherichia coli). Bacterial bone cultures at the implant site,
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the inserted implant, and joint capsule were performed
1 week after surgery to determine the presence of peri-
prosthetic joint infection (PJI). All animal experiments were
conducted in accordance with protocols approved by the
Institutional Animal Care and Use Committee of our hos-
pital. All animals were kept in specific-pathogen-free grade
animal facilities. Plastic-base cages bedded with wood
shavings housed four rats a piece in this study.Animals were
held in a temperature- and humidity-controlled environment
(20 to 23° C; 50%) on a 12-hour light-dark schedule. Free
access to food and tap water was provided. To investigate
the safety of an EDTA solution in intra-articular irrigation,
we assessed the cytotoxicity of four investigated irrigation
solutions on human chondrocytes, osteoblasts, and synovial
fibroblasts. In addition, we examined whether an EDTA
irrigation would cause arthrofibrosis and hypocalcemia in
our animal model.

Bacterial Inoculum Preparation

Bacteria were purchased from American Type Culture
Collection (ATCC, Manassas, VA, USA). S. aureus
(ATCC 29213) and E. coli (ATCC 25922) served as rep-
resentative gram-positive and gram-negative pathogens,
respectively, in this experiment. We maintained a stock
culture of these two bacteria on tryptic soy agar containing
5% sheep blood (BD™ Trypticase™ Soy Agar II [tryptic
soy agar II] with 5% sheep blood, Becton Dickinson,
Franklin Lakes, NJ, USA), using standard culturing tech-
niques. Fresh cultures of the two bacteria were prepared 24
hours before surgery. Stock solutions of the inoculums
were prepared by separately collecting a sample of bacteria
from the culture plates using a sterile cotton swab, washing
the collected cells three times in normal saline, and
adjusting the concentration to 4 3 108 colony-forming
units per mL. A standard optical density curve was used to
determine the concentration. Each rat would receive a
25 mL of bacterial inoculum (1 3 107 colony forming
units). The inoculated volume and concentration were de-
termined upon being able to reliably cause PJI in all rats.

Animal Model and Surgical Procedures

The rats were first anesthetized using 2.5% inhalational
isoflurane. Sterile techniques were used throughout. After
anesthetization, disinfection of the surgical site (povidone
iodine and alcohol swabs), and placement of a sterile
drape, a 3-cm longitudinal skin incision was made over the
knee. Suprapatellar arthrotomy was performed to expose
the articular surface of the distal femur. A 22-gauge sterile
needle was inserted into the femoral canal in a retrograde
fashion through the intercondylar notch. The tract was then

reamed with sequentially larger needles until an 18-gauge
needle was successfully inserted. A surgery-grade K-wire
(0.088 mm in diameter and 20 mm in length) was inserted
into the femoral canal, and 1 mm of the protruding part of
the wire was positioned in the knee (Fig. 1). The arthrot-
omy site was temporarily closed with interrupted 4-0
sutures. Based on our pilot study, to reliably produce a
surgical-site infection in this model, each rat was then
injected at the surgical site with 25 mL of one of the in-
oculum solutions (1 3 107 colony forming units), and the
pathogens were allowed to attach to the host tissue and
implant for 1 hour. The rats remained anesthetized during
the waiting period. The surgical site was reopened, and the
irrigation procedure was conducted with one of the sol-
utions. After irrigation, the wound was again closed with
interrupted 4-0 sutures, and the animals were allowed to
recover. All surgical procedures in this study were per-
formed by the same researcher.

Irrigation Solution Preparation and Procedure

Sterile normal saline (0.9%) was obtained from the clinical
storage stock at our hospital. The EDTA solution was
prepared by dissolving EDTA (ThermoFisher, Waltham,
MA,USA) at a concentration of 1mmol/L in normal saline;
the pH was then adjusted to 7.4. The benzalkonium chlo-
ride (Macklin, Shanghai, China) solution was prepared by
adding 1.76 mL of 17% benzalkonium chloride to 1 L of
normal saline (0.03%). The povidone iodine (Merck,
Darmstadt, Germany) solution was diluted with normal
saline to 0.3% before use. The concentrations are the
clinically used ones in our hospital. The surgical site was
thoroughly irrigated with a standardized volume (300 mL)
of the respective solutions using a 50-mL syringe bulb.

Bacterial Culture and Identification and
Blood Cultures

The rats were euthanized 1 week after surgery to harvest
surgical-site samples. The knee was prepared and draped
in a fashion identical to that done for the initial surgery. We
used sterile instruments in all of the following procedures.
Surgical-site samples, including samples of the joint cap-
sule, distal femur (20 mm in length from the articular
surface), and K-wire, were harvested. Bone, joint capsule
and K-wires were transferred separately into three sterile
centrifuge tubes after harvesting.We added 3mL of normal
saline solution to each tube. The bone and joint capsule
were homogenized with a tissue grinder (Merck,
Darmstadt, Germany). K-wires were sonicated to release
any adherent bacteria from the wire biofilm. Then, we in-
cubated 30 mL of supernatant (presumably containing
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surgical-site bacteria, if they existed) on tryptic soy agar
containing 5% sheep blood (tryptic soy agar II, Becton
Dickinson) at 37° C for 24 hours. Positive results were
defined as formation of at least one bacterial colony after 24
hours of culturing. Culture plates were photographically
documented using a digital camera. Bacterial colonies were
quantified using ImageJ analysis. Bacterial identification
was confirmed with 16S ribosomal DNA sequencing. We
used a MicroSeq 500 microbial identification system
(ThermoFisher) according to the manufacturer’s in-
struction. Briefly, a bacterial colony was harvested to iso-
late DNA by suspending the cells in 100 mL of PrepMan™
Ultra Sample Preparation Reagent (ThermoFisher). We

then heated the sample for 10 minutes at 100° C and
centrifuged the sample to obtain the supernatant. We then
amplified the 16S rDNA region with Master Mix
(ThermoFisher) and purified extension products with
MicroSEQ™ ID Ultra Sequencing-strips Kit
(ThermoFisher). The electrophoresis of sample was then
performed and analyzed with Applied Biosystems™ 3500
Series Genetic Analyzers (ThermoFisher).

Blood samples were also collected via cardiac puncture
when the animals were euthanized to rule out the possi-
bility that the original inoculation caused a systemic in-
fection and that hematogenous bacteria were the source of
subsequent intra-articular infection. These samples were

Fig. 1 Representative radiographs show a surgically inserted K-wire in the femoral canal in (A) lateral and (B) AP views. The
protruding part of the wire (1 mm) was positioned in the intra-articular prominence of the knee in this rat model. (C) A schematic
diagram for model establishment.
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cultured and analyzed using the same procedures as those
used for the bone and implant experiments.

All harvested bacteria were positively identified as the
inoculated strains. No polymicrobial colonization occurred,
indicating that there was no contamination from extra-
experimental bacteria. All blood culture results were nega-
tive, excluding the possibility that surgical-site inoculation
inadvertently caused systemic infection and then PJI post-
operatively. No postoperative deaths were observed.

Cytotoxicity Assessment of Irrigation Solutions

To assess the cytotoxicity of each solution, we used a Cell
Counting Kit-8 (Zomanbio, China) to count cells surviving
after treatment with irrigation solution. Human chon-
drocytes, osteoblasts, and synovial fibroblasts were
obtained from the human cell bank of our department. All
cell lines were cultured in alpha-minimum essential media
(Corning, Corning, NY, USA) supplemented with 10%
fetal bovine serum (Gibco, ThermoFisher). Culture media
were replaced with fresh media every 2 days. Cells were
passaged in a 1:3 ratio once they reached full confluence.
The cytotoxicity test was conducted with cells in Passage 3.
Cells were then seeded into 96-well plates at a cell density
of 2 3 103 cells per well. After attachment, cells were
treated with 200 mL of each irrigation solution for 5
minutes and then washed with fresh media three times.
After culturing for 12 hours, the cultured media were re-
moved and 10 mL of Cell Counting Kit-8 working solution
and 200mL of fresh media were added to each well. After 3
hours of incubation, the absorbance at 450 nm for each well
(positively correlated to the number of viable cells) was
read on a spectrophotometer.

Blood Calcium Measurement and Histologic Analysis
After EDTA Irrigation

To exclude the possibility that EDTA irrigation can cause
hypocalcemia, we measured blood calcium in naı̈ve rats
before and after prolonged intra-articular irrigation with an
increased volume of EDTA solution (15 minutes, 3L)
with a chemical analyzer.

The knees were harvested after 5 days and the
sections were fixed with formalin, decalcified, and finally
embedded into paraffin blocks. The sections were cut at a
4-mm thickness and attached to slides. Sections were
stained with hematoxylin and eosin or toluidine blue using
standard protocols. The arthrofibrosis was characterized by
the formation of fibrotic scar tissue in the joint [20]. The
diagnosis of arthrofibrosis was determined mainly by two
independent pathologists in our hospital. If the results
given by the two pathologists were inconsistent, the

section would be examined by the third pathologist to de-
termine the final result. No inconsistent results were en-
countered in this study.

Sample Size Calculation, Randomization and Blinding

The sample size was based on Type I error (a) set at 0.05,
with an 80% power (1-b). Superiority margin was set at 0.1.
According to our pilot study (n = 5with S. aureus), detection
of a 40% difference between EDTA (20%) and normal sa-
line groups (20%) required 28 rats. Considering the possible
loss of rats, we finally set the sample size at 30 for each
group. Simple randomization was performed in a 1:1:1:1:1
ratio to assign all rats into five treatment groups. Although
the groups were blinded to the irrigation procedures, the
blindingmethodwas only effective for the normal saline and
EDTA groups. The povidone iodine and benzalkonium
chloride solution could be identified easily by observation.

Statistical Analyses

Differences in the proportion of positive cultures among
the groups were compared using Fisher’s exact test.
Significance was evaluated using the nonparametric
Wilcoxon rank sum test to compare colony counts between
different treatments. SPSS version 24.0 (SPSS Inc,
Chicago, IL, USA) was used for statistical analyses.
Continuous variables are expressed as the mean6 SD. All
statistical significance was defined as p < 0.05.

Results

With S. aureus inoculation, EDTA irrigation resulted in fewer
positive culture-positive implants than normal saline (37%
[11 of 30] versus 70% [21 of 30]; p = 0.019), benzalkonium
chloride (83% [25 of 30]; p < 0.001), and povidone iodine
(83% [25 of 30]; p < 0.001) irrigation (Table 1). Likewise,
infection rates for implant inoculation with E. coli were also
lower in the EDTA irrigation group (13% [four of 30]) than in
the normal saline (60% [18 of 30]; p < 0.001), benzalkonium
chloride (77% [23 of 30]; p < 0.001), and povidone iodine
(80% [24 of 30]; p < 0.001) groups. We observed the same
pattern of results when we quantified the number of bacterial
colonies after implant contamination. Intraoperative EDTA
irrigation resulted in lower mean S. aureus colony counts in
cultured samples (Fig. 2) than normal saline, benzalkonium
chloride, and povidone iodine did (bone: EDTA 2176 367,
normal saline 6666 622, benzalkonium chloride 7236 503,
povidone iodine 787 6 545; p < 0.001; K-wire: EDTA 7 6
14, normal saline 176 25, benzalkonium chloride 186 20,
povidone iodine 21621; p = 0.002; joint capsule: EDTA168
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6 399, normal saline 567 6 588, benzalkonium chloride
1268 6 1004, povidone iodine 1170 6 914; p < 0.001). As
with S. aureus implant contamination, we observed that
intraoperative EDTA irrigation was superior to the other ir-
rigation treatments in reducing the number of E. coli colonies
from surgical-site samples harvested from joints inoculated
with E. coli. The mean E. coli colony counts for EDTA irri-
gation were lower (Fig. 3) than those of normal saline, ben-
zalkonium chloride, and povidone iodine (bone: EDTA 276
86, normal saline 4456 533, benzalkonium chloride 4756
483, povidone iodine 4886 534; p < 0.001; K-wire: EDTA 1
6 4, normal saline 166 17, benzalkonium chloride 246 19,
povidone iodine 236 16; p < 0.001; joint capsule: EDTA 27
6 88, normal saline 7746 720, benzalkonium chloride 1015
6 774, povidone iodine 1048 6 805; p < 0.001).

Between normal saline control and EDTA, there were
no differences in cell viability in chondrocytes (normal
saline: 98% 6 18% versus EDTA: 105% 6 18%; p =
0.127) (Fig. 4), osteoblasts (normal saline: 102 6 19%
versus EDTA: 103 6 14%; p = 0.835), and synovial
fibroblasts (normal saline: 101% 6 21% versus EDTA:
110% 6 13%; p = 0.073).

EDTA irrigation did not result in hypocalcemia (before
irrigation: 2.21 6 0.32 mmol/L; after irrigation: 2.23 6
0.34 mmol/L; p = 0.822), and arthrofibrosis was not ob-
served in histologic samples (see Figure, Supplemental
Digital Content 1, http://links.lww.com/CORR/A288).

Discussion

PJI is one of the most severe complications of joint
arthroplasty [14, 19]. Intraoperative irrigation is an

effective strategy to prevent and eliminate surgical field
contamination in arthroplasty. Previous animal studies
have revealed that EDTA irrigation is superior to normal
saline in eliminating contaminating pathogens and pre-
venting infection in open-fracture wounds [6, 23].
However, the intra-articular environment is quite different
from an open-fracture wound in terms of resident cell types
and the enrichment of blood supply. Thus, the efficacy of
EDTA for intra-articular procedures remains unclear. In the
present animal study, we modelled an arthroplasty pro-
cedure we experimentally contaminated with either E. coli
or S. aureus. We showed that irrigation with an EDTA
solution is superior to normal saline, benzalkonium chlo-
ride, and povidone iodine in reducing the number of
positive S. aureus and E. coli cultures derived from
surgical-site tissue and implant samples. We then assessed
the toxicity of EDTA to the joint-resident cells including
chondrocytes, osteoblasts, and synovial fibroblasts and
found no additional toxicity to these cells compared with
normal saline. In addition, EDTA irrigation did not result in
hypocalcemia and arthrofibrosis. These findings set the
stage for a larger-animal model, and if EDTA works
comparably there as it did in our study, perhaps clinical
studies in humans thereafter should be performed to
translate these findings into clinical practice.

The current work had several limitations. First, we used
benzalkonium and povidone iodine solution at our hospi-
tal’s clinically-used concentration. The concentration we
used was also identical or close to that adopted by several
previous studies [6, 9, 10, 16]. Thus, we believe the con-
centration we used is clinically representative for these two
agents. Second, we used S. aureus and E. coli as pathogens
because they represent gram-positive and gram-negative

Table 1. Proportions of positive cultures by specimen type and treatment group

Cultured site Control Normal saline
Benzalkonium

chloride
Povidone-
iodine EDTA

Staphylococcus aureus

Bone 30 (100)a 20 (67)a,b 24 (80)a,b 23 (77)a,b 9 (30)b

K-wire 30 (100)a 19 (63)a,b 22 (73)a,b 23 (77)a,b 10 (33)b

Joint capsule 30 (100)a 18 (60)a,b 20 (67)a,b 21 (70)a,b 6 (20)b

Whole jointc 30 (100)a 21 (70)a,b 25 (83)a,b 25 (83)a,b 11 (37)b

Escherichia coli

Bone 30 (100)a 16 (53)a,b 22 (73)a,b 22 (73)a,b 3 (10)b

K-wire 30 (100)a 15 (50)a,b 20 (67)a,b 19 (63)a,b 2 (7)b

Joint capsule 30 (100)a 18 (60)a,b 21 (70)a,b 20 (67)a,b 3 (10)b

Whole jointc 30 (100)a 18 (60)a,b 23 (77)a,b 24 (80)a,b 4 (13)b

Values are presented as numbers of positive cultures (percentage).
ap < 0.05 versus EDTA.
bp < 0.05 versus control.
cRefers to any positive cultures of bone, K-wire, or joint capsule.
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Fig. 2 These graphs show the mean colony forming unit counts of cultures derived from
surgical-site samples contaminated with S. aureus and irrigated with 300 mL of EDTA solu-
tion, normal saline, benzalkoniumchloride, or povidone iodine in (A) bone, (B) K-wire, and (C)
the joint capsule in this rat model. Error bars indicate the SD. aHigher colony counts than for
EDTA (p < 0.05).
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Fig. 3 These graphs shows the mean colony forming unit counts of cultures derived from
surgical-site samples contaminated with E. coli and then irrigated with 300 mL of EDTA
solution, normal saline, benzalkonium chloride, or povidone iodine in (A) bone, (B) K-wire,
and (C) the joint capsule in this rat model. Error bars indicate the SD. aDifferent from EDTA.
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bacteria commonly found in PJI; however, many other
pathogens also cause PJI, and the efficacy of EDTA solu-
tion might be slightly different for those pathogens. Third,
to establish PJI reliably in rats, we inoculated the joint at a
dose of 13 107 colony forming units which might be much
higher than the bacterial level of clinical surgical field.
Normal saline, benzalkonium chloride, and povidone io-
dine might be as effective as EDTA solution in a real-world
setting with less bacterial burden. Third, the study was
conducted in a rat model, and rats clearly have a different
response to bacterial infection compared with humans.
Different animal species are not equally susceptible to PJI
even after adjusting for their sizes andweights [11]. Similar
studies conducted with animals possessing immune sys-
tems that are more similar to the human immune system
might be an important steppingstone before performing
clinical trials with human participants. Finally, we had a
relatively short follow-up period for arthrofibrosis.
Although a previous study has revealed that arthrofibrosis
could develop 5 days after certain stimuli [22], it is still
possible that arthrofibrosis might develop in the extended
follow-up.

An EDTA solution outperformed antiseptic solutions
and normal saline. Antiseptic solutions for irrigation are
preferred among some surgeons and the efficacy of these
solutions remains controversial mainly because of their
toxicity. In an animal model of complex musculoskeletal
wounds contaminated with Pseudomonas aeruginosa, the
bacterial counts initially decreased but increased to similar
or even greater levels after irrigation with bacitracin, castile
soap, and benzalkonium chloride solutions compared with

pretreatment baseline in only 48 hours. In contrast, when it
was performed with normal saline, the bacterial burden
reduced to 29% of the pretreatment level immediately and
remained lower than the pretreatment (68%) level at 48
hours [16]. Consistently, in a S. aureus-contaminated rat
model, antiseptic solutions led to bacterial rebound to
pretreatment level due to their host-tissue toxicity [17]. The
FLOW trial demonstrated that patients irrigated with cas-
tile soap (14.8%) had a higher reoperation rate compared
with normal saline (11.6%; hazard ratio, 1.32 [95%CI 1.06
to 1.66]; p = 0.01) [2]. All these previous and current
studies have suggested a fact that local tissue toxicity
caused by the irrigation solution might diminish their en-
hanced efficacy in bacterial removal.

Early laboratory animal studies favored the use of an-
tiseptic solutions mainly based on bacterial counts imme-
diately after irrigation [1, 18]. This design underestimates
the effect of cytotoxicity and subsequent rebound of bac-
teria. Previous studies have revealed that EDTA could ef-
fectively eliminate bacteria without causing cytotoxicity
[23]. No additional toxicity to endothelial cells and fibro-
blasts compared with normal saline was observed in vitro
[23]. Supporting this result, wound healing was delayed
after daily irrigation with castile soap, benzalkonium
chloride, and bacitracin solutions compared with EDTA
and normal saline in a skin defect model [6]. Notably, the
types of resident cells in a joint cavity are clearly different
from those of a wound. Thus, in this study, we assessed the
toxicity of EDTA against chondrocytes, synovial fibro-
blasts, and osteoblasts and found no additional toxicity of
EDTA.

Fig. 4 This graph shows the mean percentage of viable human chondrocytes, osteo-
blasts, and synovial fibroblasts after they were treated with EDTA solution, normal saline,
benzalkonium chloride, or povidone iodine. After 12 hours, the viable cells were counted
with the Cell Counting Kit-8 and standardized according to control (no treatment). Error
bars indicate the SD. The numbers listed on the bars were the mean percentages.
aDifferent from control.
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There are several potential adverse effects of an EDTA
irrigation. First, EDTA is a widely-used chelating agent for
medical purposes in the treatment of heavy metal poison-
ing. It chelates ions including calcium, zinc, and magne-
sium to form a complex [5, 15]. Thus, EDTA irrigation
would deprive calcium ion from the host. Here, we mea-
sured the blood calcium before and after irrigation and
found no difference. However, translation of this finding
needs to be cautious because the joint cavities of larger
subjects are accordingly larger. More calciummight be lost
due to irrigation in larger animals and humans. Second, the
incidence of arthrofibrosis after knee arthroplasty is esti-
mated to reach more than 10% [8]. Its pathogenesis is re-
lated to intra-articular inflammation caused by surgical
damage and prosthetic irrigation [20]. Intra-articular irri-
gation with cytotoxicity would clearly cause damage to
joint-resident cells and subsequent inflammation.
Considering the toxicity of the EDTA solution, such
damage would be very mild; we did not observe any scar
formation in our study period.

Conclusions

After evaluating the efficacy of various intraoperative ir-
rigation solutions in a rat model of a contaminated intra-
articular implant, we concluded that an EDTA solution is
superior to normal saline, 0.03% benzalkonium chloride,
and 0.3% povidone iodine in reducing bacterial infection
and colonization in our laboratory model. The EDTA so-
lution showed no additional toxicity compared with normal
saline and no adverse effects even after prolonged irriga-
tion. If other animal models substantiate the efficacy and
safety of the EDTA solution, clinical trials would be war-
ranted to determine whether the use of an EDTA irrigation
solution might reduce the risk of PJIs in patients compared
with traditional irrigation solutions.
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