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ABSTRACT

Introduction: Fracture-related infections (FRIs)
are challenging for orthopedic surgeons, as
conventional surgical treatment and systemic
antimicrobial therapy cannot completely con-
trol local infections. Continuous local antibiotic
perfusion (CLAP) is a novel and innovative
therapy for bone and soft-tissue infections, and

is expected to eradicate biofilms by maintaining
a sustained high concentration of antimicrobial
agents at the infected site. If CLAP therapy can
eradicate infection even in cases with implants
while preserving the implants, it would be an
ideal and effective treatment for local refractory
infections. This study aimed to evaluate the
usefulness of novel CLAP therapy for FRIs.
Methods: Nine patients treated with CLAP
therapy were retrospectively analyzed. The mean
age was 65.9 (43–82) years, and the mean follow-
up period was 14.9 (6–45) months. In all cases,
the infected sites were related to the lower
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extremities (tibia, n = 6; fibula, n = 1; hip joint,
n = 1; foot, n = 1). All patients underwent similar
procedures for this therapy combined with neg-
ative-pressure wound therapy after thorough
irrigation and debridement of infected tissues.
Results: The pathogens identified were Staphy-
lococcus aureus (methicillin-resistant S. aureus,
n = 5; methicillin-susceptible S. aureus, n = 1),
Pseudomonas aeruginosa (n = 3), Enterococcus
faecalis (n = 2), Corynebacterium (n = 1), and
Enterobacter (n = 1); pathogens were not detec-
ted in one case. The mean duration of CLAP was
17.0 (7–35) days. In all cases, implants were
preserved until bone union was achieved. Five
cases relapsed; however, infection was finally
suppressed in all cases by repeating this
method. No side effects were observed.
Conclusion: This novel case series presents
treatment outcomes using CLAP therapy for FRIs.
This method has the potential to control the
infection without removing the implants,
because of the sustained high concentration of
antimicrobial agents at the infected site, and
could be a valuable treatment option for refrac-
tory FRIs with implants, inwhich bone union has
not been achieved.

Keywords: Continuous local antibiotic
perfusion; Fracture-related infections;
Gentamicin; Negative-pressure wound therapy

Key Summary Points

Why carry out this study?

Fracture-related infection (FRI) is one of
the more challenging complications of
musculoskeletal injuries, and the
infection cannot be completely controlled
in some cases.

Continuous local antibiotic perfusion
(CLAP) is a novel, innovative therapy that
can maintain a high concentration of
antimicrobials at the infected site for a
sufficiently long duration to eradicate
biofilms by continuous local
administration through the bone marrow
needle and dual-lumen tube using a
syringe pump.

The present study aimed to evaluate the
usefulness of novel CLAP therapy for FRIs
with implants, in which bone union has
not been achieved.

What was learned from the study?

In all cases, implants were preserved until
bone union was achieved. Five out of nine
cases relapsed; however, infection was
finally suppressed in all cases by repeating
this method. No side effects were
observed.

This novel technique is not perfect, but it
may be useful as a first choice for
refractory FRIs with implants, in which
bone union has not been achieved, as it is
less invasive than conventional therapy.

DIGITAL FEATURES

This article is published with digital features,
including a video, to facilitate understanding of
the article. To view digital features for this
article go to https://doi.org/10.6084/m9.
figshare.19672842.

INTRODUCTION

Fracture-related infection (FRI), such as soft-tis-
sue infection, nonunion, osteomyelitis, and
pyogenic arthritis, is a major complication of
musculoskeletal trauma and is one of the more
challenging complications for orthopedic sur-
geons [1, 2]. Surgeons generally perform
debridement of infected tissues through irriga-
tion, incisional drainage, and systemic antimi-
crobial therapy [3, 4]; however, in refractory
cases, additional repeated bone and soft-tissue
debridement and implant removal are thus
obligatory, leading to severe, irreversible func-
tional loss, or even amputation of the affected
limb, resulting in a significant decrease in
patients’ quality of life [5, 6]. Even in early
infection cases, the success rate of treatment for
FRIs with implant-retention has been reported
to be about 90% [7]. A major cause of FRI is the
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formation of biofilms, communities of antibi-
otic-tolerant bacteria encased within a matrix
on non-living surfaces such as implants or dead
bone fragments [8–10]. These localized, grouped
bacteria resist antimicrobial therapy, and con-
centrations 100–1000 times higher than the
minimum inhibitory concentration (MIC) of
antimicrobial agents are required to eradicate
biofilms [11, 12].

The concentrations achieved through sys-
temic antimicrobial administration do not
reach the minimum biofilm eradication con-
centration (MBEC) [13, 14], and the high sys-
temic concentration necessary to suppress
biofilms may cause side effects such as acute
renal function and toxicity. Therefore, a high
local antimicrobial concentration, exceeding
the MIC, is necessary to control refractory bone
and soft-tissue infections. In previous reports,
antimicrobial powders [15, 16] and antibiotic-
loaded, nonresorbable, polymethylmethacry-
late (PMMA) bone cement [17–19] were often
used for local antimicrobial therapy; however,
these methods only afforded a temporary effect,
and the concentration did not reach the MBEC
[20].

Recently, the usefulness of continuous local
antibiotic perfusion (CLAP) therapy for bone
and soft-tissue infections has been reported
[21]. CLAP is a novel, innovative therapy that
can maintain a high concentration of antimi-
crobials at the infected site for a sufficiently
long duration to eradicate biofilms. Antimicro-
bials are continuously infused via the bone
marrow needle (intramedullary antibiotic per-
fusion, iMAP) and dual-lumen tube using a
syringe pump (intra-soft-tissue antibiotic per-
fusion, iSAP). Furthermore, the drainage can be
reliably recovered by applying negative pressure
to the main circuit, and the pressure gradients
enable efficient transfer of antimicrobials to the
infected site.

If CLAP therapy can eradicate infection even
in cases with implants while preserving the
implants, it would be an ideal and effective
treatment for local refractory infections with
minimal invasiveness. The present study aimed
to evaluate the usefulness of novel CLAP ther-
apy for FRIs with implants, in which bone
union has not been achieved.T
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CASE PRESENTATIONS

Aim

We conducted a retrospective case series of
patients with implants, in which bone union
has not been achieved, who underwent CLAP
therapy for the treatment of FRI to assess the
effectiveness of this novel therapy.

Design

We retrospectively collected data regarding 12
patients with a diagnosis of FRI who were trea-
ted using CLAP therapy in our hospital between
July 2017 and June 2021. The exclusion criteria
were as follows: patients who did not meet the
definition of FRI [1], patients who could not be
followed up for more than 6 months, and
patients with a history of multiple lifesaving
surgical interventions. Finally, nine patients
(men, n = 8; women, n = 1) were included in
this study, and the data were collected from
medical records. This study was performed in
accordance with the Declaration of Helsinki,
and ethical approval was obtained from the
Institutional Review Board (IRB) (approval no.
2019-029) of the University of Occupational
and Environmental Health, Japan. The study
participants provided written informed consent
for participation and the use of their clinical
data in the study. All patients underwent CLAP
therapy according to the treatment strategies
described below. The following data were col-
lected: patient age, sex, infection site, classifi-
cation of FRI, pathogens, duration of CLAP,
implant survival, relapse, and complications.

Fig. 1 Overview of CLAP therapy. Continuous local
antibiotic perfusion combining intramedullary antibiotic
perfusion with a bone marrow needle and intra-soft-tissue
antibiotic perfusion with a double lumen tube (https://
www.ismap-clap.com/information; with permission to
publish)

Fig. 2 Radiographic images. a Bone union was not
completely achieved owing to tibial infectious pseu-
doarthrosis at the first visit, 10 months after primary
surgery. b, c Postoperative radiographic images. After

removal of Ender nails and thorough irrigation and
debridement, bone marrow needles were placed in the
proximal and distal metaphysis to the pseudoarthrosis, and
a dual-lumen tube was placed near the pseudoarthrosis

Infect Dis Ther (2022) 11:1741–1755 1745
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Setting of the Study

Diagnosis
If FRI was suspected on the basis of clinical
signs—including local redness and heat, swel-
ling, tenderness, fever, the presence of a fistula,

sinus, wound breakdown, and pus—a blood test
(including leukocyte and neutrophil count, and
C-reactive protein concentration) and diagnos-
tic imaging (including radiography, computed
tomography [CT], and magnetic imaging reso-
nance, if necessary) were performed. In patients

Fig. 3 Intraoperative photograph (a) and postoperative radiographic images (b, c) after the second-look surgery and
intramedullary nailing with CLAP therapy

Fig. 4 Radiographic images at the final follow-up, 9 months after surgery. Bone union was achieved without removal of the
implant

1746 Infect Dis Ther (2022) 11:1741–1755



with pyrexia, blood cultures and infection-site
cultures were also performed before antimicro-
bial administration. FRI was classified into three
groups based on the time of onset: early infec-
tion (less than 2 weeks), delayed infection (2–-
10 weeks), and late infection (more than
10 weeks) [22].

Surgical Procedures
Under general or regional anesthesia, an inci-
sion was made in the skin over the infected
area. We regarded tenderness of the area as the
most important clinical finding. Only obviously
infected and biologically inactive tissues were
removed, and thorough irrigation was per-
formed. Surgical tissue samples were collected
for microbiological examination and analysis.
In cases with implants after osteosynthesis, if
there were no signs of mechanically unsta-
ble fixation and loosening associated with the
infection, we preserved the implant during the
first-look surgery.

Bone infections were treated using iMAP;
two bone marrow needles with a diameter of
3 mm were inserted above and below the sites of
suspected infection. A 2.4-mm Kirschner wire
was used to make a hole in the cortical bone,
and a bone marrow needle (Tohoku University
bone marrow puncture needle; Senko Medical
Instrument Manufacturing Co., Tokyo, Japan)
or iMAP pin (Cubex Medical, Tokyo, Japan) was
inserted. Soft-tissue infections were treated with
iSAP by inserting dual-lumen tubes (Salum
Sump TubeTM, Cardinal, unknown) into the
dead space where infection was suspected. The
tip of the tube was deeply inserted, far away
from the suspected area of infection, and the
antimicrobials were infused to fill the entire
space. The wound was closed as much as pos-
sible and was covered using negative-pressure
wound therapy (NPWT). The NPWT suction
tube (RENASYS; Smith & Nephew Medical,
Kingston upon Hull, UK) was branched, con-
necting to the suction port of the dual-lumen
tube (Fig. 1).

Fig. 5 Intraoperative photographs during the second
recurrence. a Fistula and pus from the medial distal
wound. b Infected bone fragments and the medial plate

were removed (defect filled with antibiotic bone cement).
c Bone marrow needles and dual-lumen tube placement

Infect Dis Ther (2022) 11:1741–1755 1747



Fig. 6 Radiographic images (a, b) and plain computed
tomography (c) at the second recurrence. Callus formation
developed on the lateral tibia; however, bone defects and

radiolucency on the medial tibia increased, and no obvious
abscesses were observed

Fig. 7 Radiographic images after the second stage of the Masquelet technique

1748 Infect Dis Ther (2022) 11:1741–1755



Postoperative Management
The suction pressure of the NPWT was set at a
low continuous negative pressure between - 40
and - 80 mmHg, according to the condition of
the wound and soft tissues. Gentamicin
(60–120 mg/50 mL) was continuously adminis-
tered at a dosage of 2 mL/h using a syringe
pump through the bone marrow needles and/or
dual-lumen tubes. The dose of gentamicin
administered through one route was adjusted at
the discretion of the surgeon depending on the
degree of infection. In principle, cefazolin was
administered intravenously; however, when the
pathogen was identified as MRSA (methicillin-
resistant Staphylococcus aureus), and the effect of
CLAP was judged to be insufficient, the use of
anti-MRSA agents was considered. The blood
levels of gentamicin were measured 3 days after
surgery to assess the systemic effect of CLAP
therapy. If the blood concentration is greater
than 1 lg/mL, the antibiotic concentration is
reduced to 1200 lg/mL. We prioritized clinical
findings such as the presence of exudate, local
redness and heat, spontaneous pain, tender-
ness, fever, and C-reactive protein when
assessing treatment effects; if there were signs of
infection or wound healing problems,

additional surgery was performed until there
were no signs of infection.

RESULTS

The clinical data of all patients are summarized
in Table 1. The patients’ mean age was
65.9 years (range 43–82 years), and the mean
follow-up period was 14.9 months (6–-
45 months). In all cases, the infected sites were
related to the lower extremities (tibia, n = 6;
fibula, n = 1; hip joint, n = 1; foot, n = 1). The
classification of FRI was early infection in two
cases, delayed infection in one case, and late
infection in six cases. There were some cases of
superinfection in which two or more pathogens
were identified. Including the cases of superin-
fection, the pathogens identified were S. aureus
(MRSA, n = 5; methicillin-susceptible S. aureus
[MSSA], n = 1), Pseudomonas aeruginosa (n = 3),
Enterococcus faecalis (n = 2), Corynebacterium
(n = 1), and Enterobacter (n = 1); pathogens were
not detected in one case. The mean CLAP
duration was 17.0 days (7–35 days). Including
two cases in which intramedullary nails were
inserted in our hospital, we were able to pre-
serve the implant until bone union in eight

Fig. 8 Radiographic images at the final follow-up, 45 months after injury. Bone union was achieved without removing the
main implant

Infect Dis Ther (2022) 11:1741–1755 1749



cases. Five cases relapsed; however, we finally
suppressed infection in all patients through
repeated CLAP therapy. The mean number of
surgical interventions required to control
infection was 2.5 (1–5 times). There were no
side effects of CLAP therapy, including renal
dysfunction or auditory disorders. Blood con-
centrations (gentamicin levels) were measured
in four cases, and all were less than 2.0 lg/mL
(0.6–1.3 lg/mL).

Representative Cases

Case 1 (Patient 2 in Table 1)
A 59-year-old man underwent open reduction
and fixation with Ender nails and local pedicled
flap (reverse sural artery flap) for left open tibial
and fibular fracture (Gustilo grade IIIB) at a
different hospital. The patient experienced a
relapse of knee pain 3 months after surgery, and
a postoperative infection was suspected. Irriga-
tion and debridement were performed, and
MRSA was detected from bacterial culture test of
the abscesses. Postoperative wound breakdown,
surrounding redness, heat, and pus were
observed, and a diagnosis of tibial infectious
pseudoarthrosis was made. The patient was
transferred to our hospital 10 months after the
first surgery (Fig. 2a). Bone union was not
completely achieved, and there were signs sug-
gestive of osteomyelitis on CT. The fracture was
unstable owing to the infection; therefore, the
infected tissue and Ender nails were removed.
Bone marrow needles were placed in the proxi-
mal and distal metaphysis to the pseu-
doarthrosis, and after reaming the
intramedullary cavity with a reamer, the bone
marrow was thoroughly washed with saline
using a bone marrow needle (Movie 1). Next, a
dual-lumen tube was placed near the pseu-
doarthrosis (Fig. 2b, c), and incisional NPWT
was administered to the open wound. Gen-
tamicin (240 mg/day) was continuously
administered using a syringe pump through the
bone marrow needles and dual-lumen tube.
After 1 week, a second-look surgery and intra-
medullary nailing were performed, and bone
marrow needles and a dual-lumen tube were
placed again (Fig. 3). All bone marrow needles

and the dual-lumen tube were removed 35 days
post-surgery, and the wound was closed because
of improved clinical findings and negative
inflammatory reactions. At the final follow-up
9 months post-surgery, no recurrence was
observed, and bone union was achieved (Fig. 4).

Case 2 (Patient 5 in Table 1)
A 55-year-old man was injured following a
motorcycle crush, resulting in a Gustilo
grade IIIB fracture of the leg (AO 43A3.2, 4F2B).
Thorough irrigation and debridement were
performed on the day of injury, and an external
fixator was attached. The next day, the first
stage of the Masquelet technique was executed;
the soft-tissue defect was covered by a primary
free anterolateral thigh (ALT) flap 6 days after
injury; however, ALT flap was unsuccessful.
Therefore, secondary flap reconstruction was
performed using a free latissimus dorsi flap
2 days after ALT flap reconstruction.

Two months after the first stage, the second
stage was initiated; however, 2 weeks after ini-
tiation of the second stage, a fistula, as well as
pus from the proximal part of the flap, was
observed. We performed CLAP therapy (iSAP),
and MRSA was detected via bacterial culture
tests of the abscesses. Gentamicin (80 mg/day)
was continuously administered for 11 days and
although the infection subsided, recurrence was
observed 8 months later. A second round of
CLAP therapy (iMAP ? iSAP) was performed,
and gentamicin (120 mg/day) was continuously
administered for 7 days; however, recurrence of
infection was observed 13 months later. A fis-
tula with pus from the medial distal wound
(Fig. 5a) was observed. Bone union was not
completely achieved because of infection
(Fig. 6). Therefore, the first stage of the Mas-
quelet technique was planned, in addition to
CLAP therapy. Infected bone fragments and the
medial support plate were removed, and the
tibial bone defect was filled with antibiotic-
loaded bone cement (Fig. 5b). A third round of
CLAP therapy (iMAP ? iSAP) was performed
(Fig. 5c), and P. aeruginosa was detected using
bacterial culture tests of the abscesses; gentam-
icin (120 mg/day) was continuously adminis-
tered for 8 days. Two months later, the second
stage was performed (Fig. 7). At the final follow-
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up visit 45 months after injury, there was no
recurrence, and bone union was achieved
(Fig. 8).

DISCUSSION

FRI is a severe complication and is often further
complicated by the development of biofilms.
Surgical management is often unavoidable, and
sometimes implant removal is required. Suc-
cessful eradication of infection requires thor-
ough debridement of infected tissues, dead
space management, a stable fracture environ-
ment, and appropriate antimicrobial therapy. In
patients with implants, the timing of implant
removal should be carefully determined on the
basis of the clinical course of the FRI; addi-
tionally, the extent of infection and stability of
the implant should be considered [22, 23]. Any
sign of instability or loosening associated will
force implant removal. Gentamicin–PMMA
bone beads are generally used; however, the
local concentration is as low as 200–300 lg/mL,
and the gentamicin stops being released within
2 weeks [24]. The Lautenbach method has been
also reported as a local antibiotic perfusion
therapy for chronic osteomyelitis. However, the
local concentration is presumed to be low
because the solution is mixed with antimicro-
bial agents and irrigated at a volume of 1 L per
day. Even if the infection subsides, thorough
debridement is unavoidable, and the problem
of reconstructing bone and soft-tissue defects
remains [25]. On the other hand, CLAP is a
method that can deliver a sufficient local con-
centration of antimicrobials in a small amount
of saline at low speed. Therefore, CLAP may be
able to control infection even with minimal
debridement. Our priority goal is to control
infection with implant preservation, unless
there are no signs of mechanically unstable fix-
ation or loosening associated with infections. In
this case series, we were able to control the
infection in all patients through repeated CLAP
therapy without removing the implants until
bone union was achieved.

CLAP is a relatively new drug delivery system
that has recently been reported to achieve a
high concentration of antimicrobials at the

infected site for a sufficiently long duration to
eradicate biofilms [21]. By combining iMAP
and/or iSAP, antimicrobials can be effectively
guided and spread to the infected sites. Some of
the antimicrobials in the bone (inserted via
bone marrow needles) spread throughout the
body via the bloodstream, whereas some
antimicrobials leak into the hematoma and
dead space around the infected site. Thus, by
inserting dual-lumen tubes into the dead space
created by infection or surgery and by applying
continuous negative pressure, the antimicro-
bials can be guided to the drain according to the
pressure gradient; this mechanism reduces the
amount of antimicrobial agent that enters the
blood, reducing systemic side effects. In cases
with diaphyseal fractures, bone marrow needles
are placed proximal and distal to the fracture
sites, whereas dual-lumen tubes are placed near
the fracture sites. In cases with an intramedul-
lary nail, the needles are placed within the
vicinity of the intramedullary nail, as the fluid
spreads along the reaming mantle. Thus, it is
important to build an effective delivery circuit
that considers the range of spread of infection,
using both diagnostic imaging and surgical
findings.

Local administration of antimicrobial agents
should be concentration dependent and bacte-
ricidal; aminoglycosides and quinolones fulfill
these criteria [26]. Aminoglycosides, which
have poor tissue penetration, are unsuitable for
intravenous administration. However, it has
been reported that local aminoglycoside
administration in combination with systemic
antibiotics may be effective in lowering infec-
tion rates in open fractures [27]. However, local
administration is advantageous because
aminoglycosides are not easily transferred to
the whole body; gentamicin is particularly use-
ful for treating bacteria resistant to other
antimicrobials. Many previous reports have
studied the efficacy and safety of aminoglyco-
sides [27–30], and the blood and local concen-
trations of the administered antimicrobials can
be measured; therefore, gentamicin is mainly
used for CLAP therapy. A previous study on
antibiotic susceptibility tests targeting biofilm-
producing S. aureus, including MRSA, showed
that the MIC of gentamicin ranged from 0.06 to
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0.64 lg/mL, whereas the MBEC ranged from 1
to[256 lg/mL, and gentamicin was effective
in eradicating biofilms. Conversely, the MIC of
linezolid and vancomycin ranged from 1 to
2 lg/mL and from 0.25 to 1 lg/mL, respectively,
whereas the MBEC ranged from 4 to[ 1024 lg/
mL and from 8 to[ 1024 lg/mL, respectively,
indicating that these antimicrobial agents
lacked activity against S. aureus grown in bio-
film [31]. Thus, S. aureus is prone to forming
biofilms, whereas gentamicin, which is effective
against biofilms including antibiotic-resistant
bacteria, seems to be suitable for local admin-
istration. Renal dysfunction and ototoxicity are
representative side effects of aminoglycosides
[32]. The trough concentration of gentamicin
was 2.0 lg/mL, and the dose was adjusted by
monitoring blood levels to avoid exceeding
trough levels for CLAP therapy.

This study presents some limitations. First,
this was a retrospective study that only assessed
nine cases. Additionally, there were no controls
to clarify the effectiveness of CLAP therapy
compared with that of conventional therapy;
therefore, more cases should be included in
future studies. Second, gentamicin blood levels
were only measured in four cases. In this case
series, there were no side effects, such as renal
dysfunction. However, blood levels should be
measured periodically in all patients undergo-
ing CLAP therapy, and it is necessary to pay
attention to changes in renal function.

In bone and soft-tissue infections such as
FRI, it is difficult for antimicrobials to reach
local infected sites with poor blood flow; addi-
tionally, a high concentration of the antimi-
crobial is required. It is considered that CLAP
therapy may be able to reduce infection while
preserving the tissue, avoiding the need for
resection of infected tissue, which was normally
undertaken before the use of CLAP therapy.
However, in our case series, five cases relapsed,
and the mean number of surgical interventions
required to control infection was 2.5. As shown
by these results, CLAP therapy for FRI is not
perfect. Even when combined with CLAP ther-
apy, FRI is often refractory, and multiple surgi-
cal interventions may be required. It is
important not only to correctly assess the
infection focus, and perform definitive

irrigation and debridement, but also to set up
an effective delivery circuit that considers the
range of spread of infection.

CONCLUSION

We report the clinical results of nine cases of FRI
treated via CLAP therapy. We were able to
control the infection while preserving the
implants until bone union with repeated CLAP
therapy. CLAP therapy is a non-invasive strat-
egy that has the potential to control local
infection. Although CLAP therapy is not a per-
fect treatment for FRI, it may be a valuable
treatment option for refractory FRI with
implants in which bone union is not achieved,
particularly when there are no signs of
mechanically unstable fixation or loosening
associated with infections.
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