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Clinical outcomes of continuous
local antibiotic perfusion in
combination with debridement
antibiotics and implant retention
for periprosthetic hip joint infection
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Periprosthetic joint infection (PJI) is a complication of peri-implant biofilm-based treatments and
confers resistance to antimicrobial therapy. Integrating continuous local antibiotic perfusion (CLAP)
with conventional surgery for PJI facilitates the local delivery of low-flow, high-concentration
antimicrobials. This study aimed to evaluate the efficacy and safety of CLAP for treating PJI. This
study included patients diagnosed with hip PJI who underwent debridement, antibiotics, and implant
retention (DAIR) augmented by CLAP. Gentamicin was administered at a high concentration (1.2 mg/
mL) and low flow rate (2.0 mL/h for 24 h). We evaluated implant survival and complication rates
associated with adding CLAP to conventional DAIR surgery. Of the 22 patients, including 11 with
chronic infection, DAIR surgery supplemented with CLAP resulted in implant survival in 20 patients
(90.9%). In contrast, among 10 patients treated with DAIR without CLAP (non-CLAP group), implant
survival was 70%. The mean follow-up period was 42.6 +31.5 (range, 12-161) months in the CLAP
group and 56.8+28.8 (range, 28-114) months in the non-CLAP group. During CLAP treatment, renal
function worsened in two patients; however, it improved rapidly after CLAP completion and device
removal. No major complications were observed. CLAP demonstrated promising results in treating
acute and chronic PJI. However, monitoring and regulating blood antimicrobial levels is crucial to
avoiding renal dysfunction. CLAP is a treatment option for PJI that can destroy bacterial biofilms.

Keywords Continuous local antibiotic perfusion, Debridement, Implant retention, Periprosthetic joint
infection

Background

Periprosthetic joint infection (PJI) is a complication of arthroplasty. It is characterized by bacterial biofilms
on implants, which render systemic antimicrobial therapy ineffective!™. The minimum biofilm eradication
concentration (MBEC) required is often 100 times higher than that required to inhibit bacterial growth alone>®.
Surgical interventions, such as two-stage revision surgery for removing infected implants, frequently result in
considerable muscle weakness and reduced mobility”. PJI treatment includes intravenous and local antibacterial
treatments, with the latter being crucial for implant preservation by delivering antimicrobials at concentrations
above the MBEC®.

Antimicrobial-containing polymethylmethacrylate is utilized for targeted, high-concentration antibiotic
delivery’. However, maintaining a consistent dose with local antibacterial treatments is challenging, and
postoperative dose adjustments are not feasible!’. Continuous local antimicrobial perfusion (CLAP), used
alongside conventional surgery, provides an effective infection management strategy by ensuring high-
concentration, low-flow antimicrobial delivery!'!~1>. CLAP implementation, facilitated by specific devices, allows
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for postsurgical adjustment of concentration and flow rate, maintaining consistent local antimicrobial dosing.

However, the antibiotic release from polymethylmethacrylate may decrease over time°.

Rationale
CLAP may enhance biofilm destruction and implant preservation in chronic PJI. However, no studies have
evaluated its efficacy and safety in PJI. This study aimed to evaluate implant survival and complication rates in
patients with PJI who underwent debridement, antibiotics, and implant retention (DAIR) surgery supplemented
with CLAP.
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«Fig. 1. Device components of the continuous local antibiotic perfusion treatment system are shown. (a, b).
Salem Sump tube (Cardinal Health K.K., Tokyo, Japan). This double-lumen tube allows for antimicrobial
administration on one side and negative pressure application on the other. It features multiple holes for suction
under continuous negative pressure to prevent blockage and is used for intra-soft tissue or intra-joint antibiotic
perfusion. (c). Connector VRF606 (ISIS Co., Ltd., Osaka, Japan). The nasogastric tube is connected to the
Salem Sump tube, constructing a route for antimicrobial administration. (d). An intramedullary antibiotic
perfusion pin (Cubex Medical, Tokyo, Japan). These pins are fixed to the cortical bone, enabling antimicrobial
administration into the bone marrow, as indicated by the white arrow. (e). Intramedullary antibiotic perfusion
pin insertion. After insertion into the ala of the ilium, saline is injected intraoperatively (white arrow), while
saline dispersal around the acetabulum is verified. (f). RENASYS TOUCH (Smith & Nephew, Watford, United
Kingdom) system. It applies a continuous negative pressure of 60-80 mmHg to perfuse and collect local
antimicrobials. The drainage fluid will be discarded. (g). Application of foam filler (Smith & Nephew, Watford,
United Kingdom). Placed immediately above the wound, it applies continuous negative pressure to perfuse the
wound, administering antimicrobials through the right tube while simultaneously collecting drainage fluid.
(h). Y-connector branch tip (Smith and Nephew, Watford, United Kingdom). The tip is cut and connected to a
Salem Sump tube for continuous negative pressure suction.

Patients and Methods

Study design and setting

We conducted a retrospective chart review to identify and enroll patients diagnosed with PJI of the hip who
underwent DAIR with CLAP between December 2010 and July 2023 at our institutions and without CLAP
between March 2013 and February 2021 as the historical control group, and the participants were classified into
the CLAP and non-CLAP groups. The institutional review board of Yokohama City University (No: 230900002)
approved this retrospective study. All the procedures were performed in accordance with relevant guidelines.
Written informed consent regarding potential complications was obtained at the time of CLAP treatment, and an
online opt-out form was used for data collection. Approval for the oft-label use of the CLAP tubes was obtained
from the Ethics Committee. All procedures were conducted in accordance with the Declaration of Helsinki.

Participants

DAIR with CLAP was performed in all patients with PJI without implant loosening, provided the CLAP
device was ready on the day of surgery. Patients with PJI whose implants had septic loosening were indicated
for one or two-stage revision surgery. Patients with chronic PJI infection without the implants loosening also
underwent DAIR upon request rather than a two-stage revision if the patient’s condition, range of infection,
and causative organisms were identified. This study included only patients who had undergone surgery at least
1 year postoperatively. Patients who died over 1 year postoperatively due to causes unrelated to PJI or CLAP
complications were included, whereas those who died within 1 year postoperatively due to factors unrelated to
surgery were excluded.

We utilized the diagnostic criteria from the 2018 International Consensus Meeting on PJI, which defines
PJ1 based on either major criteria or a score of > 6 points'®. For this purpose, we investigated the following: the
presence of a fistula, number of specimens positive for bacterial culture, phase of infection (acute or chronic),
preoperative serum C-reactive protein level, D-dimer level, erythrocyte sedimentation rate, neutrophilic
infiltration on postoperative pathology, and intraoperative abscess formation.

Description of treatment or surgery

During DAIR surgery, bone and soft tissue were debrided using 0.35% saline-diluted povidone-isodine. Easily
replaceable implants, such as sliding surfaces, were replaced as feasible. CLAP was performed according to the
following procedure in the CLAP group, and drains were inserted only in cases considered necessary in the
non-CLAP group.

Intraoperative administration route for CLAP Intra-soft tissue antibiotic perfusion (iSAP): A Salem Sump
tube (Cardinal Health K. K., Tokyo, Japan) > 20 Fr (Fig. 1a-c) was used. This tube has a double-lumen structure,
allowing antimicrobial administration from one side and exudate collection under negative pressure from the
other. After debridement, Salem Sump tubes were placed intraoperatively within the infected soft tissue, such as
in the upper or lower layers of the fascia. This tube was originally designed for use as a gastric tube. Its applica-
tion in this treatment constitutes an off-label use. This method was employed only after obtaining comprehen-
sive informed consent from all patients.

Intra-joint antibiotic perfusion (iJAP): Salem Sump tubes were placed in the hip joint to perfuse the joint
with antibacterial agents and eradicate the biofilm around the implants, guided by preoperative computed
tomography imaging or intraoperative findings.

Intramedullary antibiotic perfusion (iMAP): An iMAP pin (Cubex Medical, Tokyo, Japan) was used. This
hollow pin allows the injection of antimicrobials from one end and discharge on the tap side for cortical bone
fixation and antimicrobial administration into the bone marrow (Fig. 1d). In cases of osteomyelitis identified
preoperatively, an iMAP pin was inserted into the infected bone marrow to facilitate antibacterial perfusion
(Fig. le). Bone holes were created using a Kirschner’s wire to establish an effective perfusion system to enhance
the delivery of antimicrobials from the infection site in the suction direction.
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Wound dressing 'The wound was sparsely sutured during surgery to ensure complete dermal penetration of the
antimicrobials administered using the CLAP device and to apply negative pressure to the wound effectively. Im-
mediately after wound closure, the RENASYS TOUCH (Smith & Nephew, Watford, United Kingdom) was used
as a negative pressure wound therapy (NPWT) device (Fig. 1f, g). A cotton foam filler (Smith and Nephew, Wat-
ford, United Kingdom) was placed over the wound to prevent subcutaneous hematoma formation. Subsequently,
a waterproof, airtight film was applied to cover the area (Fig. 1g). A round hole several centimeters in diameter
was made in the center of this film, directly above the foam, to attach a soft port linked to the RENASYS TOUCH
through a Y-connector, and the setup depended on the number of connected Salem Sump tubes (Fig. 1h). The
cotton foam filler was replaced once weekly, and the wound was examined.

Postoperative antibiotics Gentamicin sulfate eradicates biofilms effectively in susceptible general bacteria and
in methicillin-resistant bacteria>!”. Thus, for bacterial infections, regardless of the causative bacteria or resist-
ance profile, dilutions of gentamicin sulfate, amikacine sulfate or arbekacin sulfate were prepared in saline at 1.2
or 2.0 mg/mL, respectively (Fig. 2a-d). These solutions were continuously administered at a rate of 2.0 mL/h/
route for 24 h daily using a continuous precision pump through a Salem Sump tube. For fungal infections, mi-
cafungin sodium, which is effective for biofilms, was diluted in saline to 50 ug/mL and administered at the same
rate and duration'®. Notably, each route was flushed daily with 3.0-10.0 mL of gentamicin-diluted solution or
saline solution to prevent clogging. The gentamicin diluent was stopped one day before the scheduled removal
of the CLAP device, allowing the antibacterial agent or fluid to be collected in the tissue over a day. If CLAP
administration was obstructed by tube clogging, the CLAP was removed. Tubes, pins, or devices could be easily
removed from a patient’s bedside.

Postoperatively, a broad-spectrum systemic antimicrobial was used intravenously at first, and de-escalation
was performed based on bacterial culture results. Anti-methicillin-resistant Staphylococci (MRS) antimicrobials
were used in combination for the patients with the molecular diagnosis positive for MRS. Systemic antimicrobials
were discontinued at the surgeon’s discretion once the serum inflammation improved. If the blood tests indicated
persistent inflammation in chronic suppression owing to the patients condition, antibacterial medication was
continued. All the complications due to CLAP use that required treatment adjustment or discontinuaction were
documented.

v

Fig. 2. Continuous local antibiotic perfusion treatments. (a). Treatment for periprosthetic joint infection
after revision total hip arthroplasty. It involves debridement with implant retention. One intra-soft tissue
antibiotic perfusion device is placed distally and one proximally around the femur and acetabulum. An intra-
joint antibiotic perfusion device is also placed in the hip joint, all perfused with local antimicrobials. (b).
Antimicrobial pathways. White arrows indicate the routes of antimicrobial administration; white dotted lines
indicate the collection of drainage fluid after perfusion. (c). Treatment following hip-resurfacing arthroplasty.
The treatment is performed for periprosthetic joint infection in combination with debridement and implant
retention. One intra-soft tissue antibiotic perfusion device is placed distally around the femur and one intra-
joint antibiotic perfusion device is placed in the hip joint. In addition, one intramedullary antibiotic perfusion
device is placed from the ala of the ilium, all perfused with local antimicrobials. (d). Administration and
drainage details. White arrows indicate the route of antimicrobial administration, and white dotted lines
indicate the collection of drainage fluid after antimicrobial perfusion. Drilling through the acetabulum allows
for antimicrobial perfusion.
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Variables, outcome measures, data sources, and bias

The following characteristics were investigated: age at the time of surgery, sex, body mass index (kg/m?), follow-
up duration since surgery, implant type, the host'’s compromised medical history, causative organisms identified
in cultures, and sensitivity to gentamicin sulfate. Patients who died over 1 year post-surgery were considered
to have completed the follow-up period. Treatment details assessed included operative time, intraoperative
blood loss, CLAP type (iSAP, iJAP, or iMAP), treatment duration until CLAP device removal, number of DAIR
surgeries involving CLAP, types of antibacterial or antifungal agents used, hospitalization duration, length of
postoperative systemic antibacterial treatment (duration of intravenous and oral administration), and activities
of daily living 1 year postoperatively.

The primary endpoint was the implant survival rate post-surgery, with failure indicated by either the need for
implant removal or replacement due to recurrent infection. The secondary endpoint was the presence or absence
of adverse events including gentamicin or arbekacin levels in the blood at 3 days and 1 week postoperatively and
immediately before the removal of the CLAP device. Adverse events assessed were renal impairment (increased
blood creatinine level; renal function deterioration was defined as an increase in blood creatinine concentration
of 20.30 mg/dL"®), hepatic impairment (increased aspartate transaminase or alanine aminotransferase levels),
pancytopenia, hearing impairment, visual impairment, skin impairment, and allergic symptoms. Serum assays
for white blood cell counts and C-reactive protein levels were conducted immediately before surgery, and at
3 days, 1 week (+1 day), 2 weeks (+1 day), 3 weeks (+1 day), 1 month (+2 days), and 3 months (+2 weeks)
postoperatively.

Statistical analysis and Study size

All the PJT cases with or without CLAP were retrospectively analyzed. The collected items were compared
between the CLAP group and the non-CLAP group, which was used as the historical control group. All the
statistical analyses were performed using JMP Pro version 17.0 (SAS Institute, Inc., Cary, NC, USA). Statistical
significance was determined using Student’s ¢-tests. Non-parametric Mann-Whitney tests were applied to data
sets that were not normally distributed or were not of equal variance. Fisher’s exact test was used to analyze
associations between categorical variables. Statistical significance was set at p <0.05. Graphs were created in
Prism 9 (MDF Co., Ltd., Tokyo, Japan), showing the interquartile range and the mean as a broken line.

Demographics and Description of the study population

The screening dataset included 24 patients (15 women and nine men) in the CLAP group and 10 patients (six
women and four men) in the non-CLAP group. Of these patients in the CLAP group, two (a male and a female)
died within a year post-surgery owing to factors unrelated to CLAP. We analyzed the data from the remaining
22 patients (14 women and eight men); two of them (nos. 8 and 17) who died of causes unrelated to the surgery
over 1 year postoperatively without infection recurrence and were included in the study. In contrast, no cases in
the non-CLAP group were lost to follow-up, and all 10 cases were included in the analysis.

Results

Complications in patients with PJI

All the participants met the major diagnostic criteria for PJI specified at the 2018 International Consensus
Meeting!®. The fistula was associated with prostheses in 10 patients in the CLAP group and in seven patients in
the non-CLAP group, and the same bacteria or fungi were detected at two or more sites in 20 patients and in seven
patients, respectively (Table 1). All patients in both groups met major criteria and were diagnosable with PJI.
Notably, some patients did not undergo preoperative blood assays for D-dimer and erythrocyte sedimentation
rates and lacked intraoperative tissue sample-based pathological diagnoses. No significant differences in the
diagnostic criteria such as presence of fistula, CRP, D-dimer, and erythrocyte sedimentation rates were found
between the groups.

Table 2 presents the patients’ characteristics and surgical data. Body mass index was significantly lower in
the CLAP group than in the non-CLAP group (p=0.0384). Of the 22 patients in CLAP group, 12 had a medical
history of an immunocompromised state: seven had diabetes, three had rheumatoid arthritis, one had multiple
myeloma, and one had systemic lupus erythematosus. Of the 10 patients in the non-CLAP group, one patient
had rheumatoid arthritis, and one had hemodialysis. Blood cultures of all patients except one in each of the two
groups showed pathogenic bacteria or fungi. Methicillin-resistant bacteria were detected in 11 patients in the
CLAP group and 5 patients in the non-CLAP group, Candida species in two only in the CLAP group. Sensitivity
to gentamicin sulfate was observed in 11 patients, and one patient underwent two surgeries involving DAIR and
CLAP in the CLAP group.

Of the 23 surgeries, 18 utilized iSAP, 23 employed iJAP, and five used iMAP (Table 3). Antifungal agents were
administered locally in two patients (nos. 5 and 12) due to fungal detection in cultures. We could not confirm
from the medical records when oral systemic antimicrobial therapy was discontinued in three patients (nos. 1, 2,
and 3). In another three patients (nos. 5, 12, and 16), antimicrobial medication was continued long-term, placing
them in a state of chronic suppression.

Implant survival after CLAP

The implant survival rate after DAIR surgery supplemented with CLAP was 90.9% (20 of 22 cases; Table 4), and
without CLAP was 70.0% (7 of 10 cases). In two cases (nos. 9 and 16) in the CLAP group, the implants were
removed and replaced because of recurrent peri-implant infection. Specifically, one patient underwent two-stage
revision total hip arthroplasty (THA) for both the cup and stem 5 months later. The other underwent one-stage
revision THA for the stem alone 4 months later. During these revision surgeries, CLAP was reintroduced, and
local antimicrobial therapy was administered alongside systemic antimicrobial therapy, successfully resolving
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CLAP non-CLAP Pvalue
(n=22) (n=10) (CI: 0.95)
Fistula (n) 10 (45.5%) 7 (70.0%) | 0.446
22 20 (90.9%) 7 (70.0%)
Culture* (n) 1 2(9.1%) 2(20.0%) | 0.2345
0 0(0%) 1 (10.0%)
Acute 11 (50.0%) 8 (80.0%)
Phase (n) Chronic | 11 (50.0%) 2(20.0%) | 0199
CRP (mg/L) 102+ 156 (range 1-291) 38+46 (range 1-149) | 0.416
D-dimer (pg/L) 4,836+ 3,169 (range 1,400-12,500) (n=14) | 5,898+ 3,870 (range 600-12,800) (n=9) | 0.614
ESR (mm/h) 56.6+37.8 (range 5-130) (n=12) 52.1+30.7 (range 20-113) (n=7) | 0.833
+ 12 (54.5%) 6 (60.0%)
Histology (n) | - 2(9.1%) 3(30.0%) | 0.343
NA 8(36.4%) 1 (10.0%)
+ 20 (90.9%) 9 (90.0%)
Purulence (n) | 2 (9.1%) 1(10.0%) 1.000

Table 1. Characteristics and comparison of periprosthetic joint infection based on the diagnostic criteria

of the 2018 international consensus meeting in the CLAP and the non-CLAP groups. Periprosthetic joint
infection scores are calculated based on the diagnostic criteria of the 2018 International Consensus Meeting.
Preoperatively, variables including the fistula, culture, phase of infection (acute <4 weeks or chronic>4

weeks from onset), serum C-reactive protein and D-dimer levels, and the erythrocyte sedimentation rate are
evaluated; the histology and purulence are evaluated intraoperatively or postoperatively. Patients are diagnosed
with periprosthetic joint infections based on the major diagnostic criteria of the presence of a fistula or a case
in which the same bacteria are detected at two or more sites in the bacterial culture assay. If the major criteria
are unmet, patients with a score > 6 for the minor diagnostic criteria are diagnosed with periprosthetic joint
infection (mean + 1 standard deviation). CLAP, continuous local antibiotic perfusion; CRP, C-reactive protein;
ESR, erythrocyte sedimentation rate; NA, not available. * Number of locations where culture is detected.

CLAP non-CLAP P value
(n=22) (n=10) (CI: 0.95)
Age (years) 71.1+13.8 (range 32-93) 64.1+16.7 (range 22-82) 0.214
Sex (female, n) 14 (63.6%) 6 (60.0%) 0.844
Body Mass Index (kg/mz) 21.9+4.1 (range 16.4-30.4) | 27.4£6.5 (range 19.8-37.8) | 0.038*
Follow-up (months) 42.6+31.5 (range 12-161) | 56.8 +£28.8 (range 28-114) | 0.077
BHA 8(36.4%) 1 (10.0%)
Implants (n) THA 8 (36.4%) 5 (50.0%)
P Revision 5(22.7%) 4 (40.0%)
HRA 1 (4.5%) 0 (0%)
Diabetes 7 (31.8%) 0 (0%) 0.069
Medical history (n) Rheumatoid arthritis 3(27.3%) 1(10.0%) 1.000
Others 2(18.1%) 1(10.0%) 0.333
MSSA 4 (18.2%) 1(10.0%)
MRS 11 (50.0%) 5 (50.0%)
Streptococcus 2(9.1%) 0 (0%)
Microorganism (n) Corynebacterium 2(9.1%) 1 (10.0%)
Others 2(9.1%) 2(20.0%)
Not detected 1 (4.5%) 1 (10.0%)
Mixed infection with Candida | 2 (9.1%) 0 (0%)
Susceptible 11 (50.0%) 6 (60.0%)
Sensitivity to gentamicin sulfate (n) | Resistant 10 (90.9%) 3 (30.0%) 0.691
NA 1 (4.5%) 1(10.0%)

Table 2. Patient characteristics and surgical data. Items that cannot be retrospectively investigated from the
medical records are recorded as not available (mean + 1 standard deviation). The medical histories of only
immunocompromised hosts are described. CLAP, continuous local antibiotic perfusion; BHA, bipolar hip
arthroplasty; THA, total hip arthroplasty; Revision, revision total hip arthroplasty; HRA, hip-resurfacing
arthroplasty; MSSA, methicillin-sensitive Staphylococcus aureus; MRS, methicillin-resistant Staphylococcus;
NA, not available; *, P value < 0.05.

the infections in both cases. In three cases in the non-CLAP group, the implants were removed because of
recurrent peri-implant infection. Two cases underwent revision total hip arthroplasty, while one patient could
not receive a replacement.

Gentamicin sulfate was used as a high-concentration antimicrobial for CLAP due to its broad antibacterial
spectrum, covering both Gram-positive and Gram-negative bacteria, and its concentration-dependent
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Duration of oral
CLAP antibacterial
Operation | Blood loss duration | DAIR | Perfused antibacterial or antifungal | Hospitalization | or antifungal
S.No. | time (min) | (mL) iSAP | iJAP |iMAP | (Days) times | agents (Days) treatment (Weeks) | ADL
1 84 N/A 1 18 1 Gentamicin sulfate 88 Unknown* T-cane
2 77 N/A 1 1 15 1 Gentamicin sulfate 48 Unknown* Wheel-chair
3 NA N/A 1 1 1 14 1 Arbekacin sulfate 43 16 Free-hand
4 117 N/A 1 1 16 1 Gentamicin sulfate 85 4 Free-hand
5 127 90 2 1 19 1 Geqtamicin sulfate, micafungin 47 Continued** T-cane
sodium
6 142 N/A 1 1 1 16 1 Gentamicin sulfate 37 56 T-cane
7 150 110 1 8 1 Gentamicin sulfate 49 267 T-cane
8 60 N/A 1 20 1 Gentamicin sulfate, arbekacin sulfate | 55 Unknown* chiarlilélrar
9 182 190 1 13 1 Gentamicin sulfate 48 90 T-cane
10 154 160 1 1 21 1 Gentamicin sulfate 75 24 Free-hand
11 85 10 1 1 9 1 Gentamicin sulfate 16 80 T-cane
12 2 120 Continued** T-cane
First 211 1,550 1 1 15 Gentamicin sulfate
Second | 54 463 1 1 21 g)ed[ﬁlalrnnicin sulfate, micafungin
13 109 140 1 1 1 14 1 Gentamicin sulfate 20 93 Free-hand
14 137 280 1 1 14 1 Gentamicin sulfate 53 53 Wheel-chair
15 123 690 1 1 17 1 Gentamicin sulfate 58 352 Free-hand
16 109 780 1 1 15 1 Gentamicin sulfate 24 Continued** T-cane
17 108 210 1 1 17 1 Gentamicin sulfate 26 177 T-cane
18 145 260 1 1 14 1 Gentamicin sulfate 24 48 T-cane
19 175 354 1 1 13 1 Gentamicin sulfate 39 144 Free-hand
20 294 640 1 1 1 14 1 Gentamicin sulfate 25 87 Free-hand
21 144 580 1 1 26 1 Gentamicin sulfate 63 364 Free-hand
22 122 222 1 1 8 1 Gentamicin sulfate 21 82 Free-hand
Mean 132453 396+375 15.5+4.2 51.1+26.2
(n=22) (n=17) (n=23) (n=23)

Table 3. Operative characteristics of the participants. Continuous local antibiotic perfusion and antibacterial
treatments are administered in all cases (mean + 1 standard deviation). Items that cannot be retrospectively
investigated from the medical records are recorded as not available. CLAP, continuous local antibiotic
perfusion; ADL, activities of daily living 1 year after surgery; DAIR, debridement, antibiotics, and implant
retention; iJAP, intra-joint antibiotic perfusion; iMAP, intramedullary antibiotic perfusion; iSAP, intra-soft
tissue antibiotic perfusion; N/A, not available. * The antibacterial medication course is completed, but it is
difficult to decipher the date from the medical records. ** Antibacterial medication continued and led to a state
of chronic suppression, characterized by a quiescent infection without exacerbation.

bactericidal effect. Gentamicin levels were not measured during the six DAIR surgeries with CLAP (nos. 1, 8,9,
11, 12-first, and 12-second). Based on the KDIGO criteria, two cases (nos. 3 and 10) met the definition of Stage
1 acute kidney injury, with postoperative increases in serum creatinine of more than 0.3 mg/dL'". No cases met
the criteria for Stage 2 or 3. However, serum creatinine levels promptly improved within 2 weeks in both cases.
In one patient (no. 15), liver enzyme levels were elevated at the time of CLAP device removal. This patient, who
had severe inflammation due to preoperative PJI and developed multiorgan failure due to postoperative acute
respiratory distress syndrome, experienced rapid improvement in liver function after treatment in the intensive
care unit. No other patient experienced liver or kidney dysfunction, and no complications specific to gentamicin
or arbekacin sulfate were observed. The mean postoperative white blood cell counts and C-reactive protein levels
decreased gradually without significant difference between the two groups (Fig. 3). Notably, although there was
no significant difference, C-reactive protein levels decreased from the first to the second postoperative week,
mildly increased at 3 weeks postoperatively only in the CLAP group, and continued to decrease until 3 months
postoperatively.

Discussion

The CLAP group exhibited a higher implant survival rate (90.9%) than both the control group (70.0%) and
previous reports (58-83%)*20-22, although the difference did not reach statistical significance. This improvement
was attributed to the higher concentrations of gentamicin sulfate or arbekacin sulfate delivered by CLAP, which
surpassed the MBEC and effectively destroyed biofilms and methicillin-resistant bacteria. Notably, some studies
previously reported the efficacy of local antimicrobial infusion therapy**-2°. Whiteside reported that local
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CLAP non-CLAP P value
(22 hips, 23 surgeries) | (10 hips, 10 surgeries) | (CI: 0.95)
Implant survival rate (%) 20 hips (90.9%) 7 hips (70.0%) 0.293
<0.3 ug/mL 5(21.7%) -
0.3-0.9 3(13.0%) -
. . . .. . 1.0-1.9 6(26.1%) -
Number of surgeries maximal blood concentration of local antimicrobials 20-2.9 2(8.7%) B
305 1(4.3%) -
No measurement | 6 (26.1%) 10 (100%)
- Before* 0.81+0.23 0.91+0.67 0.618
Creatinine (mg/dL) After 0.79+0.24 0.88+0.61 0.786
Before* 22.0+6.8 239+10.7 0.376
AST (IU/L) Aftert™* 23.0+18.9 22.7+89 0.424
Before* 14.7+6.5 22.1+12.1 0.081
ALT (IU/L) After™ 16.8+20.8 199+115 0.084

Table 4. Implant survival rate in the continuous local antibiotic perfusion (CLAP) group and non-CLAP
group, and post-CLAP treatment detailed outcome of implant preservation or removal in the CLAP group.
ALT, alanine aminotransferase; AST, aspartate transaminase; CLAP, continuous local antibiotic perfusion.
None of the patients have pancytopenia, allergic symptoms, or hearing, visual, or skin impairments. Serum
creatinine, aspartate transaminase, and alanine aminotransferase levels before and immediately after removal
of the continuous local antibiotic perfusion system and investigation of the occurrence of drug-specific
complications (mean + 1 standard deviation) are shown. Items that cannot not be retrospectively investigated
from the medical records are recorded as not available. * Serum assays performed immediately before surgery.
**Serum assays performed immediately after removal of the continuous local antibiotic perfusion device.
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Fig. 3. Serum assay results over time. Graphs showing the trends and comparison between the continuous
local antibiotic perfusion (CLAP) group (23 surgeries, 22 patients) and non-CLAP group (10 surgeries, 10
patients) in white blood cell count and C-reactive protein levels from preoperative and postoperative serum
assays across different time points. Values are measured immediately before the surgery and 3 days, 1 week,
2 weeks, 3 weeks, 1 month, and 3 months after surgery. Pre, before surgery; Po3d, 3 days after surgery; Polw,
1 week after surgery; Po2w, 2 weeks after surgery; Po3w, 3 weeks after surgery; PolM, 1 month after surgery;
Po3M, 3 months after surgery.

injection of high concentrations of antimicrobials into the artificial hip and knee joints through two Hickman
catheters for 6 weeks resulted in high rates of infection control without adverse events*>?°. This administration
period is longer than the mean duration of CLAP therapy (15.5 days), and the lack of negative pressure drainage
capability results in fluid retention and limited antimicrobial distribution during drug delivery. CLAP ensures
effective antimicrobial perfusion delivery directly to the target joints, muscles, bones, and peri-implant areas,
supported by the NPWT system and Salem Sump tubes with double lumen structure, unlike conventional
methods. Successful outcomes depend on careful preoperative planning, appropriate CLAP device placement,
and coordinated systemic antimicrobial administration to neutralize PJI in a single DAIR surgery. Accurate
preoperative identification of the spread of infection is crucial and requires imaging modalities such as
ultrasonography, computed tomography, magnetic resonance imaging, and bone scintigraphy to determine the
optimal CLAP device placement?. In cases of infection recurrence, factors such as changes in bacterial species,
insufficient antimicrobial perfusion for biofilm destruction, and residual infectious flora must be considered.
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For instance, in patient 12, CLAP was repeated to effectively quell the infection because of a shift in the causative
organism from methicillin-resistant Staphylococcus epidermidis to Candida albicans.

The higher implant survival rate in DAIR surgeries with CLAP treatment for PJI is likely associated with
its effective drug delivery system and optimal management of postoperative dead space. Negative pressure
aspiration using an NPWT device for a few weeks postoperatively reduces dead space and bacterial colonization
in coagulated blood, which is a common postoperative issue, especially in cases of notable bone and soft tissue
loss. Unlike conventional drainage devices, NPWT maintains a constant negative pressure without interfering
with the administration route, thereby preventing coagulation and bacterial growth. In addition, CLAP provides
adjustable flow rates and versatility for use in unequipped facilities. However, one limitation is the need to
remove the device if the clot obstructs the administration route.

Two patients with failed implant preservation in the CLAP group (nos. 9 and 16) had diabetes mellitus
and infections caused by antibiotic-resistant bacteria (methicillin-resistant S. aureus and multidrug-resistant
P aeruginosa, respectively). In patient 9, inadequate local perfusion by a single iJAP device led to a two-stage
revision THA with CLAP, which subsequently controlled the infection. In patient 16, a shift from P. aeruginosa
to Streptococcus necessitated one-stage arthroplasty of the femoral component with CLAP. This instance suggests
that bacterial shifts can compromise implant preservation, often leading to changes in systemic antimicrobials.

Arbekacin sulfate was used for treating PJI in methicillin-resistant cases (nos. 3 and 8) during early CLAP
treatment phases, but gentamicin sulfate was preferred for most patients due to its effectiveness in biofilm
destruction at high concentrations®!”?%, However, local use of gentamicin can lead to acute kidney injury?>*.
Increased serum creatinine level was observed in two patients (nos. 3 and 10), but these levels improved
after CLAP device removal; no severe kidney dysfunction occurred. Furthermore, no instances of non-dose-
dependent adverse effects, such as eighth cranial nerve dysfunction (a known aminoglycoside side effect), were
noted. Blood gentamicin levels were maintained below 1.0 pg/mL>*!*?, although some patients (nos. 2-4, 6, 10,
13, 14, 16, and 17) exceeded this threshold, highlighting the need to monitor and adjust blood antimicrobial
levels during CLAP treatment to prevent acute kidney injury. Adjustments, such as reducing the flow rate
and dose concentration or discontinuing the infusion immediately, can be made easily if high antimicrobial
concentrations are detected or complications arise.

Postoperative serum C-reactive protein levels increased slightly at 2-3 weeks, whereas white blood cell
counts continued to decrease after CLAP treatment. The increase in C-reactive protein levels after CLAP device
removal was likely attributable to the reabsorption of exudate accumulated around the implant. Fungal PJI, with
a DAIR success rate of only 18%**, presents notable treatment hurdles, particularly when two-stage revision
is impractical because of extensive bone loss or megaprosthesis*. In this study, two patients with fungal PJI
(nos. 5 and 12) required implant preservation. A concentrated local infusion of micafungin sodium, known
for its antibiofilm properties, was administered through the CLAP*-%’. Continuous micafungin administration
successfully suppressed infection and preserved the implants. Furthermore, combining CLAP with antifungal
agents in DAIR procedures may prevent fungal PJI. Potential complications, including hemolysis-associated
thrombosis, kidney injury, and neutropenia, were not observed. Larger studies are warranted to confirm the
safety of sodium micafungin in treating PJI. After establishing its efficacy and safety, CLAP could become a
pioneering drug delivery system for managing bacterial and fungal PJI.

This study had some limitations, including a lack of some data and a short follow-up period for some cases.
While patients continued follow-up visits at our hospital after being transferred to rehabilitation facilities,
information from the latter could not be fully obtained. We plan to follow up on more cases of PJI and
conduct comparative studies with conventional methods. Further research is required to ascertain whether the
concentration and flow rate of antimicrobial agents should be adjusted for different cases.

Conclusions

Adding CLAP to DAIR surgery shows promising results for treating PJI. However, as two patients experienced
elevated serum creatinine levels, monitoring the blood concentrations of gentamicin is recommended in order
to prevent severe adverse events. Further evaluation of outcomes in patients with PJI treated with CLAP may
provide a valuable alternative treatment option.

Data availability
Most of the data are presented in this paper. The other data that support the findings of this study are available
from the corresponding author upon reasonable request.

Received: 22 February 2025; Accepted: 14 July 2025
Published online: 18 July 2025

References

1. Costerton, J. W, Stewart, P. S. & Greenberg, E. P. Bacterial biofilms: a common cause of persistent infections. Science 284, 1318—
1322 (1999).

2. Mirza, Y. H,, Tansey, R., Sukeik, M., Shaath, M. & Haddad, F. S. Biofilm and the role of antibiotics in the treatment of periprosthetic
hip and knee joint infections. Open. Orthop. J. 10, 636-645 (2016).

3. Romano, C. L., Romano, D., Morelli, I. & Drago, L. The concept of Biofilm-Related implant malfunction and Low-Grade infection.
Adv. Exp. Med. Biol. 971, 1-13 (2017).

4. Brandt, C. M. et al. Staphylococcus aureus prosthetic joint infection treated with debridement and prosthesis retention. Clin. Infect.
Dis. 24, 914-919 (1997).

5. Okae, Y. et al. Estimation of minimum biofilm eradication concentration (MBEC) on in vivo biofilm on orthopedic implants in a
rodent femoral infection model. Front. Cell. Infect. Microbiol. 12, 896978 (2022).

Scientific Reports |

(2025) 15:26017 | https://doi.org/10.1038/s41598-025-11808-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

6. Badha, V. et al. Determination of tobramycin and Vancomycin exposure required to eradicate biofilms on muscle and bone tissue
in vitro. J. Bone Jt. Infect. 4, 1-9 (2019).

7. Osmon, D. R. et al. Diagnosis and management of prosthetic joint infection: clinical practice guidelines by the infectious diseases
society of America. Clin. Infect. Dis. 56, e1-e25 (2013).

8. Tillander, J. A. N. et al. Treatment of periprosthetic joint infections guided by minimum biofilm eradication concentration
(MBEC) in addition to minimum inhibitory concentration (MIC): protocol for a prospective randomised clinical trial. BMJ Open.
12, 058168 (2022).

9. Choe, H. et al. Clinical utility of antibiotic-loaded hydroxyapatite block for treatment of intractable periprosthetic joint infection
and septic arthritis of the hip. Mod. Rheumatol. 25, 937-942 (2015).

10. Schwarz, E. M. et al. Adjuvant antibiotic-loaded bone cement: concerns with current use and research to make it work. J. Orthop.
Res. 39, 227-239 (2021).

11. Himeno, D., Matsuura, Y., Maruo, A. & Ohtori, S. A novel treatment strategy using continuous local antibiotic perfusion: A case
series study of a refractory infection caused by hypervirulent Klebsiella pneumoniae. J. Orthop. Sci. 27, 272-280 (2022).

12. Kosugi, K. et al. Potential of continuous local antibiotic perfusion therapy for Fracture-Related infections. Infect. Dis. Ther. 11,
1741-1755 (2022).

13. Maruo, A. et al. Continuous local antibiotic perfusion: A treatment strategy that allows implant retention in fracture-related
infections. J Orthop. Surg (Hong Kong). 30, 10225536221111902 (2022).

14. Maruo, A. et al. Intra-medullary antibiotics perfusion (iMAP) for the control of fracture-related infection early after osteosynthesis.
J. Orthop. Surg. (Hong Kong). 29, 23094990211051492 (2021).

15. Takahara, S., Maruo, A., Takayama, H. & Harada, T. Continuous Local Antibiotics Perfusion Therapy for Acute Deep Infections
after Open Fractures. Case Rep. Orthop. 2563939 (2022). (2022).

16. Parvizi, J. et al. The 2018 definition of periprosthetic hip and knee infection: an Evidence-Based and validated criteria. J.
Arthroplasty. 33, 1309-1314e1302 (2018).

17. Mottola, C. et al. Susceptibility patterns of Staphylococcus aureus biofilms in diabetic foot infections. BMC Microbiol. 16, 119
(2016).

18. Choe, H. et al. Novel local antifungal treatment for fungal periprosthetic joint infection with continuous local antibiotic perfusion:
A surgical technique. Arthroplast Today. 24, 101245 (2023).

19. Khwaja, A. KDIGO clinical practice guidelines for acute kidney injury. Nephron Clin. Pract. 120, c179-184 (2012).

20. Gerritsen, M. et al. Modular component exchange and outcome of DAIR for hip and knee periprosthetic joint infection: a
systematic review and meta-regression analysis. Bone Jt. Open. 2, 806-812 (2021).

21. Marculescu, C. E. et al. Outcome of prosthetic joint infections treated with debridement and retention of components. Clin. Infect.
Dis. 42, 471-478 (2006).

22. Veerman, K., Raessens, J., Telgt, D., Smulders, K. & Goosen, J. H. M. Debridement, antibiotics, and implant retention after revision
arthroplasty: antibiotic mismatch, timing, and repeated DAIR associated with poor outcome. Bone Joint J. 104-b, 464-471 (2022).

23. Roy, M. E,, Peppers, M. P,, Whiteside, L. A. & Lazear, R. M. Vancomycin concentration in synovial fluid: direct injection into the
knee vs. intravenous infusion. J. Arthroplasty. 29, 564-568 (2014).

24. Springer, B. D. et al. Safety profile of Seven-Day Intra-articular antibiotic irrigation for the treatment of chronic periprosthetic joint
infection: A prospective randomized phase II comparative study. J. Arthroplasty. 39, S229-S235e221 (2024).

25. Whiteside, L. A. & Roy, M. E. One-stage revision with catheter infusion of intraarticular antibiotics successfully treats infected
THA. Clin. Orthop. Relat. Res. 475, 419-429 (2017).

26. Whiteside, L. A, Roy, M. E. & Nayfeh, T. A. Intra-articular infusion: a direct approach to treatment of infected total knee
arthroplasty. Bone Joint J. 98-b, 31-36 (2016).

27. Choe, H. et al. Use of 18F-fluoride PET to determine the appropriate tissue sampling region for improved sensitivity of tissue
examinations in cases of suspected periprosthetic infection after total hip arthroplasty. Acta Orthop. 82, 427-432 (2011).

28. Reiter, K. C,, Villa, B., Paim, T. & de Oliveira, C. E d’Azevedo, P. A. Inhibition of biofilm maturation by linezolid in meticillin-
resistant Staphylococcus epidermidis clinical isolates: comparison with other drugs. J. Med. Microbiol. 62, 394-399 (2013).

29. Dagneaux, L. et al. Acute kidney injury when treating periprosthetic joint infections after total knee arthroplasties with Antibiotic-
Loaded spacers: incidence, risks, and outcomes. J. Bone Joint Surg. Am. 103, 754-760 (2021).

30. Springer, B. D. et al. Systemic safety of high-dose antibiotic-loaded cement spacers after resection of an infected total knee
arthroplasty. Clin. Orthop. Relat. Res. 427, 47-51 (2004).

31. Raveh, D. et al. Risk factors for nephrotoxicity in elderly patients receiving once-daily aminoglycosides. Q/M 95, 291-297 (2002).

32. Yamada, T., Fujii, S., Shigemi, A. & Takesue, Y. A meta-analysis of the target trough concentration of gentamicin and Amikacin for
reducing the risk of nephrotoxicity. J. Infect. Chemother. 27, 256-261 (2021).

33. Kuiper, ]. W, van den Bekerom, M. P, van der Stappen, J., Nolte, P. A. & Colen 2-stage revision recommended for treatment of
fungal hip and knee prosthetic joint infections. Acta Orthop. 84, 517-523 (2013).

34. Kuo, E C. et al. Two-Stage exchange arthroplasty is a favorable treatment option upon diagnosis of a fungal periprosthetic joint
infection. J. Arthroplasty. 33, 3555-3560 (2018).

35. Peter, T, Bissinger, R., Signoretto, E., Mack, A. F & Lang, F. Micafungin-Induced suicidal erythrocyte death. Cell. Physiol. Biochem.
39, 584-595 (2016).

36. Prazynska, M., Bogiel, T. & Gospodarek-Komkowska, E. In vitro activity of Micafungin against biofilms of Candida albicans,
Candida glabrata, and Candida parapsilosis at different stages of maturation. Folia Microbiol. (Praha). 63, 209-216 (2018).

37. Zuo, X. S, Liu, Y, Cai, X,, Zhan, L. & Hu, K. Association of different Candida species with catheter-related candidemia, and the
potential antifungal treatments against their adhesion properties and biofilm-forming capabilities. J. Clin. Lab. Anal. 35, e23738
(2021).

Acknowledgements

I would like to thank all the staff at Yokohama City University Hospital and Harima Himeji General Medical

Center.

Author contributions

methodology, Yuta Hieda, Hyonmin Choe, and Akihiro Maruo; investigation, Yuta Hieda, Hyonmin Choe,
and Akihiro Maruo; data curation, Yuta Hieda, Hyonmin Choe, Akihiro Maruo, and Masashi Shimoda; writ-
ing-original draft preparation, Yuta Hieda; writing-review and editing, Hyonmin Choe, and Akihiro Maruo; All
authors have read and agreed to the published version of the manuscript.

Scientific Reports |

(2025) 15:26017 | https://doi.org/10.1038/s41598-025-11808-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Declarations

Competing interests
The authors declare no competing interests.

Ethical declarations
The institutional review board, where the patients were enrolled, approved this retrospective study.

Consent to participate
Informed consent for participation was obtained through a written consent form at the time of CLAP
treatment, and an online opt-out form for data collection.

Additional information
Correspondence and requests for materials should be addressed to H.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports|  (2025) 15:26017 | https://doi.org/10.1038/s41598-025-11808-y nature portfolio


http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Clinical outcomes of continuous local antibiotic perfusion in combination with debridement antibiotics and implant retention for periprosthetic hip joint infection
	﻿Background
	﻿Rationale
	﻿Patients and Methods
	﻿Study design and setting
	﻿Participants
	﻿Description of treatment or surgery
	﻿Intraoperative administration route for CLAP
	﻿Wound dressing
	﻿Postoperative antibiotics


	﻿Variables, outcome measures, data sources, and bias
	﻿Statistical analysis and Study size
	﻿Demographics and Description of the study population
	﻿Results
	﻿Complications in patients with PJI
	﻿Implant survival after CLAP

	﻿Discussion
	﻿Conclusions
	﻿References


