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KEY POINTS

type Il open fractures.

e Systemic antibiotics have been shown to decrease infection rates after open fracture.
e Controversy continues to exist over the ideal systemic antibiotic prophylaxis, particularly for

e Local antibiotic delivery, although not new, is an area of renewed interest.
e Local antibiotics allow delivery of high concentrations of antibiotic without systemic toxicity.
e Many modes of local antibiotic delivery currently exist.

INTRODUCTION

Open fractures can be problematic for the
patient, orthopedic surgeon, and society in
general. An open fracture occurs when commu-
nication exists between fracture or fracture
hematoma and the outside environment. This
communication potentially allows bacteria
from the environment to colonize the fracture
site. Colonization of the fracture site with path-
ogenic bacteria may result in infection, which is
known to be one of the more common causes
of fracture nonunion.” Infection and nonunion
result in significant cost to the patient and
society.?

Antibiotics work in many different ways to
disrupt the life cycle of bacteria. Antibiotics
can be administered systemically or locally to a
fracture site. Both methods of administration
have been used in attempts to reduce infection
after open fracture. This article reviews the
data supporting both systemic and local
antibiotics.

SYSTEMIC ANTIBIOTICS
History, Incidence of Infection, and Infecting
Organisms
Patzakis and colleagues® in 1974 were the first to
demonstrate in a prospective randomized trial
the efficacy of systemic antibiotics in decreasing
infection rates after open fractures. Patients (310
open fractures) were randomized to 3 groups:
no antibiotics, penicillin/streptomycin, or cepha-
lothin. Patients receiving cephalothin had a
lower incidence of infection (2.4%) than those
receiving penicillin/streptomycin (9.8%) and pa-
tients not receiving antibiotics at all (13.9%).
Gustilo and Anderson® in 1976 reported anti-
biotic sensitivity data as part of analysis of more
than 1000 open fractures; 50.7% of open frac-
tures were colonized on admission and an addi-
tional 20.0% of patients had a positive culture at
wound closure. Sensitivity analysis of cultured
organisms led to the investigators’ recommen-
dation that a first-generation cephalosporin
was the antibiotic of choice for open fractures.
All Staphylococcus species, both coagulation
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positive and negative, were sensitive to cephalo-
thin. Fifty-seven of 143 isolates reported were
gram negative. Of these 57 gram-negative iso-
lates, 23 were either Pseudomonas or Entero-
bacter and were not sensitive to cephalothin.
Interestingly, the investigators cautioned about
the nephrotoxic effects of adding aminoglyco-
sides and advocated doing so only when “the
anticipated beneficial effects are deemed essen-
tial after careful weighing of the potential bene-
fits and dangers.”®

Gustilo and colleagues® in 1984 further classi-
fied type Ill open fractures (Table 1).° Subclassi-
fications of type Il open fractures were found to
be predictive of infection and need for amputa-
tion. The infection rate was found to be 4%,
52%, and 42% for type llIA, type IlIB (Fig. 1),
and type llIC open fractures, respectively. Of
the infections reported after type Il open
fractures, 77% (24/31) were caused by gram-
negative bacteria. Ten of 24 gram-negative
infections were secondary to Enterobacter or
Pseudomonas species, 2 organisms previously
shown not to be sensitive to cephalothin.® The
investigators did recommend a change in anti-
biotic prophylaxis for type Il open fractures.
They recommended adding an aminoglycoside
to a first-generation cephalosporin or using a

Table 1

Gustilo and Anderson classification of open
fractures

Type Description

| Wound <1 cm; clean; simple fracture
pattern; minimal comminution;
minimal soft tissue injury.

Il Wound 1-10 cm; simple fracture pattern;
moderate soft tissue injury.

lIA  Extensive soft tissue injury but with
adequate soft tissue coverage over
bone; high-energy, comminuted, or
segmental injuries.

1B Extensive soft tissue injury with soft
tissue loss and periosteal stripping;
inadequate soft tissue coverage over
bone.

lIC  Open fracture with associated vascular
injury requiring repair.

From Gustilo RB, Anderson JT. Prevention of infection in
the treatment of one thousand and twenty-five open frac-
tures of long bones: retrospective and prospective ana-
lyses. J Bone Joint Surg Am 1976;,58A:453-8; and
Gustilo RB, Mendoza RM, Williams DN. Problems in the
management of type Il (severe) open fractures: a new
classification of type Il open fractures. J Trauma
1984;24:742-6.

Fig. 1. Clinical photo of patient with type IlIB open
tibia fracture.

third-generation cephalosporin with the goal of
“avoiding potential aminoglycoside toxicity."®

Templeman and colleagues’ retrospectively
evaluated infection rate based on the Gustilo
and Anderson® classification; 11.3% of open
tibia shaft fractures were complicated by infec-
tion with infection rates of 0%, 3%, and 21%
for type I, ll, and Ill open tibial shaft fractures,
respectively. Patzakis and Wilkins® reported
similar infection rates based on the Gustilo and
Anderson® classification. They reported infec-
tions rates of 1.4%, 3.6%, and 22.7% for type |,
I, and Il open fractures, respectively, with an
overall incidence of 10.5%. They also reported
that the rate of infection is dependent on
anatomic site, with the tibia having a 10% infec-
tion rate versus a 5.3% infection rate for other
sites combined.

In a more contemporary study, Chen and
colleagues’ reported the most common infect-
ing organisms after open fracture. Overall, the
investigators reported a 10% infection rate after
202 open fractures. Staphylococcus was the
most common organism cultured (55% of infec-
tions), with coagulase-negative Staphylococcus
and metbhicillin-resistant Staphylococcus aureus
(MRSA) representing 30% and 25% of infec-
tions, respectively. Interestingly, 67% (4/6) of
coagulase-negative Staphylococcus infections



included a second organism. Overall, 55% of in-
fections included at least 1 gram-negative or-
ganism. Thirty-two percent of type IlIB open
fractures were complicated by infection. Over-
all, 2.5% of open fractures were complicated
by infection with MRSA.

Another contemporary study reported the
most common infecting organisms after treat-
ment of both open and closed fractures. A total
of 214 infections were analyzed, of which 103
involved the tibia. S aureus was responsible for
56% of infections, with MRSA being responsible
for 32% of infections. In type lll open fractures, S
aureus was responsible 21% of the time with
gram-negative rods (GNR) and anaerobes being
responsible 14% and 7%, respectively. Of the
GNR infections found after open fracture, 35%
were found in type Il open fractures compared
with 18% in type Il open fractures and 0% in
type | open fractures. However, there was no
statistically significant difference in comparing
rates of GNR infection between type Ill open
fractures and types | and Il combined. Interest-
ingly, 32% of open fractures and 33% of closed
fracture infections involved GNR. Although
“barnyard-type” injuries did receive penicillin,
type lll open fractures did not routinely receive
aminoglycosides for prophylaxis.’®

Timing of Antibiotic Administration

Time to antibiotic administration was first shown
to be predictive of infection by Patzakis and Wil-
kins® in 1989. These investigators reported a
4.7% infection rate when antibiotics were admin-
istered within 3 hours of injury and a 7.4% infec-
tion rate when antibiotics were administered
after 3 hours. This series included all types of
open fractures and only 35.5% of open fractures
received antibiotics within 3 hours. Several
different antibiotic regimens were used during
the course of the study. The investigators
concluded that “the single most important fac-
tor in reducing the infection rate was the early
administration of antibiotics that provide
antibacterial activity against both gram-positive
and gram-negative microorganisms.”  This
conclusion appears at least partly based on the
fact that patients who received cefamandole
and tobramycin did have the lowest infection
rates after open fractures and more specifically
open tibia fractures (4.5%)."" A confounding var-
iable is that wound care differed throughout the
study among groups.

Lack and colleagues’? also reported that time
to antibiotic administration is predictive of infec-
tion. The investigators reported on 137 type llI
open tibia fractures, of which 94.9% received
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antibiotics within 3 hours of injury. Cefazolin
was the only agent given in 93.4% of cases.
The overall deep infection rate was 17.5%. Pa-
tients who received antibiotics within 1 hour of
injury had a 6.8% infection rate compared with
27.9% in those receiving antibiotics after 90 mi-
nutes. The organisms responsible for deep infec-
tion were not reported.

One of the shortcomings of the Gustilo and
Anderson® classification includes lack of inter-
observer reliability. Brumback and Jones'® rec-
ommended delaying fracture classification until
the first operative debridement. With fractures
not classified until the first debridement, appro-
priate antibiotic treatment could be delayed. As
more and more data suggest that time to
debridement is not predictive of infection,’*"®
the average time to debridement is likely to in-
crease. If time to debridement increases, then
time to classification and appropriate antibiotic
treatment could be delayed. An example would
be an open tibia fracture that was thought on
initial physical examination to be a type Il
open fracture. Based on many protocols, this
patient would prophylactically receive a first-
generation cephalosporin. If at surgery, the pa-
tient’s fracture was classified as a type IlIB open
fracture, he or she would have had a delay in
administration of an antibiotic with effective
gram-negative coverage. The importance of
the time to administration of an antibiotic with
effective gram-negative coverage is not well
established in the literature.

Established Guidelines (Agent and Duration)
Eastern Association for the Surgery of Trauma
(EAST) Practice Management Guidelines
strongly advocate for gram-positive coverage
in type | and Il open fracture wounds with the
addition of gram-negative coverage for type llI
open wounds. Guidelines also advocate for the
addition of penicillin with open fracture wounds
at risk for fecal or clostridial contamination,
discontinuation of antibiotics by 24 hours after
wound closure in type | and Il open fractures,
and discontinuation of antibiotics in type Il
wounds by 72 hours after injury or by 24 hours
after closure or coverage, whichever occurs
first.19:20

The Surgical Infection Society Guidelines
differed from the EAST Practice Management
Guidelines concluding that insufficient evidence
existed to advocate using gram-negative antibi-
otics and antibiotics with clostridial coverage.
These guidelines advocated using a first-
generation cephalosporin in conjunction with
modern wound care techniques.?’
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Additional guidelines published in 2011
regarding combat-related injuries, endorsed by
both the Surgical Infection Society and the Infec-
tious Diseases Society of America, recommen-
ded cefazolin (clindamycin in patients with
allergy to B lactams) for extremity wounds. The
guidelines did not advocate for addition of
gram-negative coverage nor did they advocate
for addition of penicillin. These guidelines call
for duration of antibiotic therapy of 1 to
3 days.??

Dellinger and colleagues®® in a randomized
trial reported no differences in infection rates
comparing 1 day of antibiotic coverage with
5 days of antibiotic coverage. Patients were
randomized to 1 of 3 groups: cefonicid x
1 day, cefonicid x 5 days, cefamandole x
5 days. There also was no significant difference
in infection rates for type Ill open fractures
treated with 1 day versus 5 days. Although S
aureus was the most common infecting organ-
ism identified (58%), GNRs were identified in
33% of infections. Patzakis and colleagues'’
also concluded that antibiotic duration is not a
significant predictor of infection and have not
advocated routinely extending duration
beyond 3 days.

Clindamycin has been supported as an alter-
native to first-generation cephalosporin in pa-
tients with B lactam allergy. Benson and
colleagues® reported no difference in infections
rates in a prospective study of open fractures
comparing clindamycin with cefazolin. In a sepa-
rate prospective study of open fractures, pa-
tients treated with prophylactic clindamycin
had a lower incidence of infection than those
treated with cloxacillin (9.3% infection in clinda-
mycin group; 20.0% infection in cloxacillin
group). All infections in type | and Il open frac-
tures were secondary to gram-positive organ-
isms. Both antibiotics were associated with
high infection rates in type Ill open fractures,
with the investigators recommending additional
gram-negative coverage for type Il open
fractures.?®

Nephrotoxicity with Aminoglycosides?

Although Gustilo and colleagues, in 1976° and
1984,° warned about the potential systemic
toxicity associated with gentamicin, the EAST
Practice Management Guidelines have given
some support for the safety of once-daily amino-
glycoside administration.'??° This guideline was
based on data published by Sorger and col-
leagues®® in 1999 and Russell and colleagues®’
in 2001. Sorger and colleagues®® compared
once-daily dosing of gentamicin with twice-a-

day dosing of gentamicin in 71 patients with
type Il and Ill open fractures. In addition to
gentamicin, patients received cefazolin. Antibi-
otics were continued for 48 hours after each
operation and until wound closure or coverage.
Incidence of infection was 6.4% in the once-
daily dosing of gentamicin compared with
13.6% in the twice-a-day dosing; however, this
difference was not statistically significant. No pa-
tients in either group treated with prophylactic
gentamicin experienced renal complications.
Two patients receiving extended therapeutic
treatment with gentamicin for diagnosis of infec-
tion did have an increase in serum blood urea ni-
trogen (BUN)/creatinine ratio and both patients
were receiving twice-daily therapeutic treatment
with gentamicin. Of note is that patients with
renal insufficiency were excluded from the
trial.? Russell and colleagues?’ reported a very
small series of patients (n = 16) treated with
cefazolin and once-daily dosing of gentamicin
for types Il and Il open tibia fractures. BUN
and creatinine were followed and no patients
in this series showed evidence of nephrotoxicity.

Recently, Bell and colleagues?® reported an
increased rate of acute kidney injury (AKI) in or-
thopedic patients in Scotland after surgical pro-
phylaxis was changed from cefuroxime to
flucloxacillin and gentamicin. Gentamicin was
administered as a single dose, 4 mg/kg. This
study included 12,482 patients; of those pa-
tients, 7666 underwent orthopedic procedures.
The mean age of orthopedic patients was 71.
Patients undergoing surgery for femoral neck
fracture were excluded because of concern of
administering gentamicin to this patient popula-
tion. The incidence of AKI in orthopedic patients
increased from 6.2% to 10.8% after protocol
change.

Risk factors associated with nephrotoxicity af-
ter once-daily dosing of aminoglycoside usage
have recently been reported. Oliveira and col-
leagues®’ reported an increased rate of AKI
with aminoglycoside usage in the intensive care
unit in patients with a history of diabetes melli-
tus, hypotension, iodinated contrast, and admin-
istration of other nephrotoxins. Unfortunately,
the mortality rate of patients who experienced
AKI was 44.5% (vs 29.1% in the group without
AKI). The average duration of usage of amino-
glycoside between patients who developed
AKI (9.4 days) was similar to patients not devel-
oping AKI (9.9 days).

Usage of aminoglycosides among orthopedic
trauma surgeons remains high, with 76.3% of re-
spondents in a recent survey using aminoglyco-
sides in contaminated type IlIB open fractures.



Interestingly, aminoglycosides also are being
used in lower-grade open fractures, with 29.8%
of respondents using aminoglycosides in
contaminated type | open wounds and 15% of
respondents using aminoglycosides in nonconta-
minated type Il open wounds.*° Patient and
fracture characteristics and AKI have to be
considered in the care of patients with open
fracture, as AKI has been shown to be an inde-
pendent risk factor for mortality®’ and even un-
complicated AKI is associated with a 10% risk
of mortality.3?33

Contemporary Antibiotic Options

Recently, studies have challenged the traditional
antibiotic regimen for type Ill open fractures and
fractures with potential fecal or clostridial
contamination. Rodriguez and colleagues®* re-
ported no statistically significant difference in
infection rates for type Il open fractures primar-
ily treated with ceftriaxone compared with a
traditional antibiotic regimen including a first-
generation cephalosporin and aminoglycoside.
Gram-negative organisms comprised 33.3% of
cultured organisms with the traditional antibiotic
regimen and 40.0% of cultured organisms with
the ceftriaxone regimen. The investigators effec-
tively reduced the use aminoglycosides, vanco-
mycin, and penicillin (53.5% usage in the
traditional antibiotic group vs 16.4% usage in
the ceftriaxone group).

Similarly, Redfern and colleagues®® reported
on 72 type Ill open fractures treated with piper-
acillin/tazobactam versus cefazolin/gentamicin.
Patients treated with piperacillin/tazobactam
did have a lower infection rate at 30 days
compared with cefazolin/gentamicin (11.4% vs
21.6); however, this difference was not statisti-
cally significant. There was no statistically signif-
icant difference in infection at 1 year.

Johnson and colleagues® in an earlier study
also provided some support for usage of a
third-generation cephalosporin in higher-grade
open tibia fractures. The investigators compared
cefazolin with cefotaxime in a prospective ran-
domized trial. Forty-six open tibia fractures
(type I, lIA, IB) were randomized to treatment
with either cefazolin or cefotaxime. Patients
treated with cefotaxime had a lower infection
rate (19% vs 25%); however, this difference was
not statistically significant. Interestingly, only 1
of 4 infections in the cefotaxime group involved
a gram-negative organism compared with 4 of 6
in the cefazolin group.

Recently, the results of a large retrospective
study of 1539 open fractures comparing
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traditional antibiotic prophylaxis of cefazolin
and a gentamicin (CG) with a new regimen of
vancomycin and cefepime (VC) were presented.
No differences were found in overall infection.
However, the vancomycin/cefepime group
demonstrated a significantly lower infection
rate (3.1% vs 6.8%) in the type Ill open fractures;
22% of infections were secondary to MRSA with
8 infections in each group. Overall, 1% of open
fractures were complicated by infection with
MRSA. Significantly fewer infections secondary
to Enterococcus (0 VC, 6 CG) and Pseudomonas
(2 VC, 9 CG) occurred in the VC group. The in-
vestigators reported a zero incidence of AKI in
patients presenting with normal renal function.®”
Saveli and colleagues®® reported the results of a
randomized trial comparing cefazolin with cefa-
zolin plus vancomycin for the treatment of
open fractures. Overall, the investigators re-
ported a 16.8% infection rate with no difference
between treatment groups. The rate of infection
in type lll open fractures was 29%. MRSA was
responsible for 1 infection in each group (overall,
18% of infections); 27% of infections involved
gram-negative  bacilli.  Enterococcus  was
involved in 18% of infections (1 vancomycin-
susceptible Enterococcus;1 vancomycin-resis-
tant Enterococcus). Although appearing safe,
neither study appears to show a significant
benefit of vancomycin in the prophylaxis of
open fractures. Cefepime and potentially other
fourth-generation cephalosporins show promise
and deserve further investigation.

Importance of Body Weight on Dosing?
Previous recommendations and doses of cefa-
zolin frequently appearing in the literature
include 1 g in patients weighing 80 kg or less
and 2 g in patients weighing more than 80 kg.
Recent guidelines for routine surgical antibiotic
prophylaxis developed jointly by the American
Society of Health-System Pharmacists, the
Infectious Diseases Society of America, the Sur-
gical Infection Society, and the Society for
Healthcare Epidemiology of America recom-
mend 2 g of cefazolin in adult patients weighing
less than 120 kg and 3 g of cefazolin in adult
patients weighing 120 kg or more.?’ Underdos-
ing of antibiotics has been found to be rela-
tively common, as 21% of patients in a study
by Collinge and colleagues®® did not receive
appropriate weight-based dosing of antibiotic
before implementation of a performance-
improvement initiative. The clinical implications
of underdosing weight-based antibiotics are
not yet clear.
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Potential Implications of Changing Wound
Care on Infecting Organisms
Most early studies from which our antibiotic rec-
ommendations have largely been derived
treated open fractures by initially leaving
wounds open or partially open.'"?* At the very
least, most type Ill wounds were left open after
initial debridement.®” Early studies supported
the concept that infections were most likely
due to nosocomial organisms. Of 21 infections
associated with type llIB open tibia fractures,
57% were due to organisms not cultured within
the first 2 weeks.*" Similarly, Lee*? reported
that the organism responsible for infection after
open fracture was not present in 78% of prede-
bridement and 58% of postdebridement cul-
tures. Current treatment of open fractures is
more aggressive with regard to early wound
closure and negative pressure wound therapy
(NPWT) is more frequently used in wounds that
are not closed. These 2 changes in wound man-
agement may lead to decreased nosocomial
infection. Jenkinson and colleagues*® recently
reported a lower incidence of infection when
open fractures (types I, ll, and lllA) were closed
primarily (4.1%) versus delayed (17.8%).
Although 3 of 73 patients closed primarily devel-
oped infection, none of the 3 was infected by a
clostridial or gram-negative organism.

Unfortunately, a prospective randomized trial
illustrating the benefit of NPWT in high-energy
open fractures failed to describe any differences
in identity of infecting organisms between
groups. Nine infections occurred overall in this
series with an infection rate of 28% in the
gauze-dressing group and 5.4% in the NPWT
group. Ten organisms were identified, including
7 gram-positive and 3 gram-negative organisms.
Clostridium was not cultured in this study.**
Blum and colleagues®® reported similar findings
in a retrospective study of open tibia fractures.
The investigators reported an 8.4% infection
rate with NPWT versus 28% with conventional
dressings. The incidence of polymicrobial infec-
tion was decreased with NPWT (17% vs 47%).
Dedmond and colleagues*® reported results of
using NPWT in the treatment of 50 type IlI
open tibia fractures; 29.2% of type Ill open tibia
fractures required debridement for deep infec-
tion. Ten deep infections occurred, with at least
6 involving MRSA (3 MRSA alone; 3 polymicro-
bial including MRSA). The identity of the other
organisms identified in the polymicrobial infec-
tions was not reported.

Moues and colleagues®’ investigated bacterial
counts after treatment with NPWT versus gauze

dressings. Although the total bacterial load did
not differ between groups, gram-negative bacilli
load was decreased with NPWT. The basic sci-
ence indicates that NPWT does reduce levels of
Pseudomonas compared with wet to dry dressing
changes in a goat wound model. This same
reduction was not observed with NPWT and
Staphylococcus aureus.*® Whether NPWT de-
creases the level of contamination of gram-
negative organisms in open fracture wound or
serves as a barrier to colonization with nosoco-
mial gram-negative organisms is not completely
clear in clinical practice.

Systemic Antibiotic Recommendations in
2017

Choice of antibiotic is guided by the Gustilo and
Anderson classification.>¢ Patients with type |
and Il open fractures should be given a first-
generation cephalosporin (cefazolin). In patients
with serious B lactam allergy, clindamycin is an
appropriate alternative.?*?° Patients with type
[l open fractures also should be given an agent
with gram-positive coverage but consideration
should be given to adding an agent with effec-
tive gram-negative coverage or using an agent
with both effective gram-positive and gram-
negative coverage (Table 2). Traditionally,

Table 2

Recommended systemic antibiotic
prophylaxis (2017)

Open Fracture Recommended Systemic

Type Antibiotic Prophylaxis
Gustilo and First-generation
Anderson cephalosporin (cefazolin)
Type | Alternative: clindamycin
with B lactam allergy
Gustilo and First-generation
Anderson cephalosporin (cefazolin)
Type |l Alternative: clindamycin
with B lactam allergy
Gustilo and First-generation
Anderson cephalosporin (or
Type llI clindamycin with B lactam
allergy) plus
aminoglycoside
(gentamicin)

Alternatives: Third-
generation cephalosporin
(ceftriaxone or
piperacillin/tazobactam)

Fecal or potential Consider addition of
clostridial penicillin to above
contamination regimen (cefazolin/

gentamicin)




patients with type lll open fractures have been
given cefazolin and gentamicin. Penicillin or an
agent with anaerobic coverage should be
considered for fractures associated with fecal
or clostridial contamination.’”?° If gentamicin is
administered, patient and injury characteristics
need to be considered. Duration and dosing
schedule should be monitored, as a short course
of once-daily dosing of gentamicin in a patient
without risk factors for AKl appears relatively
safe. Other agents with potential promise for
treatment of type Il open fractures include cef-
triaxone,>* piperacillin/tazobactam,®> and cefe-
pime.®” All 3 agents deserve further study.

LOCAL ANTIBIOTICS

History and Potential Advantages

The use of locally applied antibiotics is not a
novel concept. Locally applied antiseptics date
back to the mid-1800s when Joseph Lister
began using carbolic acid as an antiseptic on sur-
gical wounds.*” In 1939, Jenson and col-
leagues®® were able to reduce their infection
rate for open fractures from 30% to 5% by
placing sulfanilamide powder directly into
wounds before wound closure. The modern
use of local antibiotics in orthopedics began in
Europe with the use of polymethylmethacrylate
(PMMA) cement impregnated with antibiotics
to treat infected joint prostheses.”>? The use
of locally applied antibiotics allows delivery of
high concentrations of antibiotics without signif-
icant risk of systemic toxicity. High concentra-
tions of antibiotics have been shown be
effective against biofilms®® and therefore local

antibiotics may have a significant role in
reducing infections from biofilm-producing
bacteria.

Various methods and techniques have been
developed that allow for the direct placement
of antibiotics into open wounds. Although
PMMA cement is the “gold standard,” it is not
the ideal delivery system. PMMA beads and
cement spacers can be bulky, which can prove
difficult in open fractures without significant
bone loss. Additionally, PMMA cement requires
a second procedure for removal. The optimal
antibiotic delivery system provides high concen-
trations of antibiotics over an extended period,
without causing systemic toxicity or adverse ef-
fects to the local host environment, and does
not require subsequent surgical removal. Avoid-
ance of surgical removal has motivated the
development of several different bioabsorbable
delivery systems that are reviewed in the
following sections.

Role of Systemic and Local Antibiotics

Polymethylmethacrylate
PMMA has been used for antibiotic delivery for
more than 40 years and is still considered the
gold standard of local delivery.>* PMMA is a syn-
thetic polymer that is nonbiodegradable by na-
ture with favorable biocompatibility and high
mechanical strength.®® In orthopedics, it has
been used extensively as an anchoring platform
in arthroplasty components and as a local anti-
biotic delivery agent in orthopedic trauma and
osteomyelitis treatment.

In the trauma literature, PMMA has been used
in many applications. Broadly, it is used as a
treatment for soft tissue infection or osteomye-
litis and in infection prevention of open fractures
(Fig. 2). PMMA antibiotic administration has
many different forms. Specifically, it is used in
the form of beads,*® spacers, and antibiotic nails
or antibiotic-coated nails.>” The membranes
formed in reaction to PMMA spacers have
been found to be biologically active and usage
of spacers with the goal of membrane formation
is called the Masquelet technique.®®°?

Advantages of PMMA include its structural
properties and space-filling capacity. These
advantages are lacking in other forms of local
antibiotic administration, such as antibiotic pow-
der, aqueous solutions, gels, and collagen or chi-
tosan sponges. Like many other forms of local

Fig. 2. Radiograph of patient with type IlIA open
femur fracture treated initially with debridement
and irrigation, placement of vancomycin/tobramycin-
impregnated PMMA beads, and placement of external
fixator.
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antibiotic delivery, PMMA beads provide a
method of delivery of high local antibiotic con-
centrations without associated high systemic
levels.®%¢" Disadvantages include its nonbiode-
gradable nature and need for subsequent surgi-
cal removal. PMMA beads, spacers, or nails, if
left in place, may act as a foreign body actually
harboring  biofilm and antibiotic-resistant
bacteria.®?

Antibiotics mixed with the PMMA must have
certain qualities. They must be available in pow-
der form, have broad antibiotic coverage with
little resistance, and be thermally stable due to
the exothermic polymerization process of
PMMA formation. Commonly used antibiotics
include vancomycin, tobramycin, gentamycin,
erythromycin, and cefuroxime.®®

The elution profile of antibiotic PMMA has
been well delineated in multiple studies. There
appears to be a rapid release of a high concen-
tration of antibiotic during the first several days
after implantation, the amount of which is quite
variable among different subjects.®’ This rapid
release is followed by a sustained release of anti-
biotic below a therapeutic concentration allow-
ing biofilm formation in in vitro studies.®*
Additionally, this low-level release may also
contribute to antibiotic resistance.®® The type
and combination of antibiotics used along with
the type of PMMA used also has an effect on
the elution profile of the antibiotic.®®

Recent literature has focused on improving the
consistency and duration of antibiotic elution
from PMMA. In one study, addition of a hydro-
philic additive, Pluronic Fé68, showed sustained
release of vancomycin for approximately 11 weeks
and allowed almost 100% release of the antibiotic
without affecting the mechanical properties of
the cement.®® In another study, low-frequency ul-
trasound was used to increase both short-term
and long-term antibiotic elution without compro-
mising mechanical strength.®® These newer addi-
tions to PMMA and mixing techniques may make
PMMA antibiotic delivery more efficacious and
possibly expand indications.

Literature supports the efficacy of PMMA de-
livery of local antibiotic in the treatment of open
fractures. The adjunctive use of local antibiotics
in addition to systemic antibiotics for open tibia
fractures undergoing intramedullary nailing was
recently analyzed with a systematic review and
meta-analysis. In that study, all Gustilo and
Anderson® types of tibia fracture had lower
infection rates when local antibiotics were used
in addition to systemic antibiotics. For type llI
open fractures, patients receiving only systemic
antibiotics had an infection rate of 14.4%,

compared with an infection rate of 2.4% when
local antibiotics were used. For type llIB and
lIC fractures, the risk of infection was 31.2%
for those receiving only systemic antibiotics,
but was lowered to 8.8% with the addition of
local antibiotics. The studies that used local anti-
biotics, almost exclusively used PMMA beads
impregnated with vancomycin or tobramycin. A
gentamicin-coated intramedullary nail was used
in a very small number of patients.®’

Ostermann and colleagues®® reported the re-
sults of 1085 open fractures treated with an anti-
biotic bead pouch and systemic antibiotics
versus systemic antibiotics alone. The investiga-
tors reported a 3.7% incidence of acute infection
and/or chronic osteomyelitis in the group
treated with the addition of the bead pouch
versus a 12% incidence in the group treated
without the bead pouch. Higher-grade open
fractures (type IIIB) obtained the greatest benefit
from the addition of the tobramycin-
impregnated beads.“®

Polymethylmethacrylate will likely continue to
have a role in the management of high-grade
open fractures, infections, bone defects, and
arthroplasty. Its unique advantages include its
ability to fill dead space and confer certain me-
chanical properties not available in other anti-
biotic delivery methods. The recent additions
and modifications to the PMMA mixing process
may improve its antibiotic elution profile and in-
crease its effectiveness and potential uses.

Antibiotics Without Carrier

In the simplest form, antibiotics can be directly
placed into wounds without the use of a carrier
substrate. The use of topical vancomycin in pow-
der form is well described in the orthopedic liter-
ature, with most applications describing its use
in spinal surgery for the prevention of surgical
site infection, but with mixed results.®”’" How-
ever, little has been described for the use of
open fractures. Recent animal studies have eval-
uated the use of vancomycin powder in a
contaminated fracture model in rats. Tennent
and colleagues’? found that vancomycin powder
was effective at reducing bacterial counts when
applied within 6 hours of contamination; howev-
er, when the powder was applied 24 hours after
contamination, there was no significant reduc-
tion in the bacterial counts. Similar results were
found when vancomycin-impregnated PMMA
beads were placed into the wounds. However,
vancomycin was detectable in the blood of all
animals at 6 and 24 hours postapplication
when vancomycin powder was used. These
levels declined over time, with fewer than 30%



of the animals having detectable quantities of
vancomycin in their serum by day 14. In contrast,
those animals that received vancomycin-
impregnated PMMA beads had negligible levels
of serum vancomycin at 6 and 24 hours
postapplication.

Other investigators have evaluated the use of
injected aqueous antibiotic solutions for infec-
tion prophylaxis. Lawing and colleagues’® in a
retrospective review studied 351 open fractures
that were treated with systemic antibiotics alone
(183 fractures) or a combination of systemic an-
tibiotics plus locally injected aminoglycosides
at the time of index surgical procedure (168 frac-
tures). For the local antibiotic group, an aqueous
solution of either gentamicin or tobramycin was
injected into the wound cavity after wound
closure. For select high-grade fractures, a cath-
eter was placed into the wound and irrigated
with the antibiotic aqueous solution every
6 hours for 3 to 5 days postoperatively. The
aqueous aminoglycoside group had a signifi-
cantly lower infection rate (9.5%) compared
with the control group (19.7%). After adjusting
for potential confounding variables, the adminis-
tration of aqueous aminoglycoside was found to
be an independent predictor of lower infection
rates in both deep and superficial infections.
There was no impact, however, on the rate of
nonunion between the 2 groups. Interestingly,
there was no apparent benefit in the group of
select high-grade fractures that received post-
operative irrigations of the antibiotic solution.

Aqueous antibiotic solutions have been used
in other orthopedic specialties. Lovallo and col-
leagues’ studied the use of aqueous genta-
micin in shoulder arthroplasty. They compared
164 patients treated with systemic antibiotics
alone with 343 patients treated with systemic an-
tibiotics plus an intra-articular injection of genta-
micin at the conclusion of the procedure. The
patients with systemic antibiotics alone had a
3.0% infection rate, compared with an infection
rate of 0.29% in those who received intra-
articular gentamicin.

Similar results have been reported in animal
studies. Cavanaugh and colleagues’® evaluated
the use of injected antibiotics in a contaminated
surgical site infection model. They found that the
use of systemic cefazolin plus locally injected
gentamicin lowered the rate of postoperative
infection approximately sevenfold. The use of
systemic cefazolin alone lowered the rate of
postoperative infection only approximately
twofold. Another animal model of contaminated
surgical sites previously showed that aqueous
gentamicin injected after wound closure was
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significantly better at reducing bacterial counts
than systemic gentamicin alone.”® Similar results
have been found using animal models for total
knee arthroplasty in which local cefazolin and
local vancomycin were more effective at
lowering bacterial counts than the same dose
of antibiotic given systemically.”” More studies
are needed to evaluate the possible systemic ef-
fects of locally applied antibiotics, but it appears
as though antibiotics applied to contaminated
wounds can lower bacterial counts more than
systemic antibiotics alone.

Gels

A novel approach to local antibiotic delivery is
the recent development of bicabsorbable gels.
Few studies have been published, but a recent
animal study suggests that further clinical
investigations are warranted. Penn-Barwell and
colleagues’® investigated the use of a bio-
absorbable phospholipid gel (DFA-02; Dr
Reddy’s Laboratories Inc, Bridgewater, NJ) that
delivers vancomycin and gentamicin and
compared this gel with the traditional use of
PMMA cement beads. This study used a
segmental defect rat model contaminated with
S aureus. In the gel group, 1 mL of gel contain-
ing vancomycin and gentamicin was spread
throughout the wound. In the bead group, four
3-mm beads containing vancomycin and tobra-
mycin were placed within the wound. After
2 weeks, 19 of the 20 specimens that used only
antibiotic-laden PMMA beads had detectable
bacteria. In the gel group, only 8 of the 20 spec-
imens had detectable bacteria. All 20 of the con-
trol specimen (no local antibiotics placed) had
detectable bacteria. Additionally, quantitative
cultures demonstrated significantly less bacteria
in the wounds treated with the gel than in the
control or bead group.”® However, in a separate
study by the same group using fewer subjects
per study group, they found that there was no
difference in bacterial eradication when using
PMMA beads or bioabsorbable gel.”” Regard-
less, the combination of systemic antibiotics
plus either antibiotic-impregnated PMMA beads
or gel was superior to the use of systemic antibi-
otics alone at eradicating infection. Although
not yet approved by the Food and Drug Admin-
istration for use, bioabsorbable gels do provide
certain advantages to traditional PMMA beads
and do warrant additional research.

Collagen Sponge

Collagen sponges have been used in clinical
practice for more than 3 decades,® having first
been wused for wound dressings and
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hemostasis.?’ The collagen sponge is unique
when compared with PMMA in that it is charac-
terized by complete dissolution by phagocytosis
and enzymatic degradation,®? thus eliminating
the need for a second procedure for PMMA
removal. This process takes, on average,
approximately 8 weeks for full absorption of
the sponge.®® The collagen sponge also is char-
acterized by rapid release of antibiotic from the
sponge. In vitro studies have compared the
release of gentamicin from collagen sheets
with PMMA beads. With the collagen sheet,
95% of the gentamicin was released within
1.5 hours, whereas only 8% had been released
from the PMMA beads.?* However, in vivo
studies suggest that the release appears to be
dependent on the fluid supply of the surround-
ing tissues. Effective local concentrations of anti-
biotics can be maintained in bony sites for
approximately 1 week, but for less than 24 hours
in well-perfused areas.®®

Studies evaluating the use of gentamicin-
collagen sponges in orthopedic trauma are
encouraging.?®®” Chaudhary and colleagues®
recently reviewed a series of 35 patients pre-
senting acutely with open fractures. These pa-
tients underwent irrigation and debridement,
immediate open reduction and plate fixation,
along with placement of an antibiotic-eluting
collagen sponge around the plate just before
wound closure. Deep infection subsequently
developed in 6.5% of patients (2 of 31 available
for follow-up). No patient required implant
removal and no patient developed nonunion.

Gentamicin-collagen sponges have been
used extensively for the treatment of osteomye-
litis. Leung and colleagues® report on a cohort
of 50 patients treated for chronic osteomyelitis.
All patients underwent surgical debridement,
intravenous (IV) antibiotics, and placement of a
collagen sponge infused with gentamicin. They
reported a 12% recurrence rate of infection,
compared with a recurrence rate of 20% to
30% often reported in the literature. A prospec-
tive randomized study of 20 patients with long-
bone osteomyelitis directly compared collagen
sponges with PMMA beads, both infused with
gentamicin. Complete resolution of the infection
was noted in 80% of the patients with collagen
sponge and in 90% of the patients with
PMMA. As expected, gentamicin was rapidly
released from the collagen sponge, leading to
high levels of antibiotic in the wound exudate
and in the urine within the first 48 hours, whereas
gentamicin was more slowly released from
the PMMA beads.”® lpsen and colleagues’ pre-
viously reported on a series of 10 patients

treated with gentamicin-collagen sponge, in
which no recurrence of infection was observed
in any of the patients. Similar studies have
previously been reported, in which gentamicin-
collagen sponges show good results in eradi-
cating osteomyelitis.”?

Studies evaluating the use of gentamicin-
collagen sponges in clean surgical wounds are
mixed. In a multicenter randomized controlled
trial of nearly 700 patients receiving hemiarthro-
plasty for femoral neck fracture, the addition of
gentamicin-eluting collagen sponge had no
impact on deep or superficial infection rates.”
However, in a meta-analysis of randomized trials
evaluating the nonorthopedic use of gentamicin-
containing collagen sponges, there was a signif-
icant decrease in surgical site infection in both
clean and clean-contaminated surgeries.”

Adverse effects also have been reported with
the use of gentamicin-collagen sponges. In a
series of 12 patients being treated for infected
total hip arthroplasty with gentamicin-
impregnated collagen sponges, 7 of the 12 pa-
tients were found to have toxic serum levels of
gentamicin (>2 mg/L). In 3 cases, there was a sig-
nificant drop in renal clearance that persisted,
and in 3 other patients there was a temporary
decrease in renal clearance that resolved. Each
patient in that study received between 4 and 6
sponges implanted, with each sponge containing

130 mg gentamicin.”®
Other studies have shown a possible
increased risk of infection with collagen

sponges. In a large prospective trial evaluating
the use of gentamicin-collagen sponge for infec-
tion prophylaxis in colorectal surgery, investiga-
tors found that patients treated with the
collagen sponge actually had a higher infection
rate, presumably because the antibiotics eluted
quicker than the sponge degraded, leaving
foreign material within the wound.”®

Additionally, collagen sponges have been
available commercially only as sponges infused
with gentamicin. Gentamicin has previously
been shown to have detrimental effects on frac-
ture healing,””~'%° making them less desirable
for use in open fractures.

Chitosan Sponge

Another type of sponge that has recently come
into use is the chitosan sponge (Fig. 3). Similar
to the collagen sponge, it is an antibiotic-
impregnated sponge that is absorbed by the
host tissue if left in place. Chitosan is the
second-most abundant polysaccharide after cel-
lulose and is made from shellfish sources, such as
shrimp and crab.’®' Chitosan is a deacetylated



Fig. 3. Clinical photo of chitosan sponge.

derivative of chitin,’®? both of which are well
known to have positive effects on wound heal-
ing."%3-19 Animal studies have shown that chito-
san accelerates infiltration of polymorphonuclear
cells into wounds at the early stages of wound
healing, followed by the increased production
of collagen by fibroblasts within granulation tis-
sue as compared with control materials.”%

Studies evaluating the elution of antibiotic
from chitosan sponges show quick delivery of
antibiotic. In one study, in vitro elution of amika-
cin was 85% complete after 1 hour and 96%
complete after 72 hours. For daptomycin, 31%
was released by 1 hour and 88% was released
at 72 hours. For both agents tested, the eluted
antibiotic was able to inhibit the growth of S
aureus, indicating that the eluted antibiotic
retained its antimicrobial activity.'®” A follow-
up in vitro study from the same group showed
similar results. In that study, the release of van-
comycin from the chitosan sponge remained
above the minimum inhibitory concentration
(MIC) for S aureus for 72 hours and the release
of amikacin remained above the MIC for Pseu-
domonas aeruginosa for 48 hours.'%®

Few clinical studies are available to demon-
strate the in vivo effectiveness of antibiotic-
eluting chitosan sponges for orthopedic
applications. In a recent animal study, chitosan
sponges eluting either vancomycin or amikacin
were effective in decreasing bacterial counts in
contaminated wounds. Serum antibiotic concen-
trations remained less than 15% of the target
serum level for systemic treatment. Additionally,
by 42 hours, the sponges were, on average,
85% dissolved.’®" Additional studies are needed
to evaluate the chitosan sponge as a potential
alternative to traditional PMMA beads. Further-
more, the chitosan sponge is available without
antibiotics already infused. The surgeon can
thus select which antibiotics they want to
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incorporate, unlike the gentamicin-collagen
sponge. The surgeon also has more antibiotic op-
tions available than with PMMA beads, as anti-
biotic thermal stability is not a concern.

Calcium Sulfate

Another potential drug-delivery device is cal-
cium sulfate. Calcium sulfate impregnated with
antibiotics (Fig. 4) has been used for decades
in the treatment and prevention of orthopedic
infections.'®” 1" Calcium sulfate is an osteocon-
ductive material that is resorbed at a rate similar
to that of bone formation.’"’

Animal studies have evaluated the local and
systemic levels of tobramycin after impregnated
calcium sulfate beads are implanted into tissues.
Local tobramycin levels have been found to
rapidly rise over the first 24 hours, and then
rapidly decline. Levels of tobramycin were found
to still be therapeutic at 14 days after implanta-
tion. Some animal subjects, however, had
elevated local tobramycin levels for at least
28 days. Serum levels, however, rose quickly
and peaked during the first hour after implanta-
tion. Serum levels became undetectable after
24 hours."? In vitro testing has compared the
elution of daptomycin and tobramycin from cal-
cium sulfate beads. Similar to other studies, both
antibiotics are rapidly released from the beads
over the first 24 hours, followed by a rapid
decline in the following days. However, after a
28-day period, the daptomycin-containing
beads released only 35% of the total antibiotic
incorporated into the beads, whereas 68% of
the total tobramycin had been released."’
Other in vitro studies have shown that the peak
local concentration of vancomycin when eluted
from calcium sulfate beads occurs 48 hours after
implantation.”"* Other variations of calcium sul-
fate beads have been developed that elute

Fig. 4. Clinical photo of vancomycin/tobramycin-
impregnated calcium sulfate beads.
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antibiotics quicker and dissolve over only a few
days,"" which may pose a clinical advantage in
certain situations.

Few clinical studies are available to document
the effectiveness of calcium sulfate in preventing
and treating infection. One study evaluated the
use of calcium sulfate beads in open long-bone
fractures treated with internal fixation. That
study of 28 patients had 15 type Il open frac-
tures, 11 type llIA open fractures, and 2 type
lIC open fractures as classified by Gustilo and
Anderson.> All fractures were treated with
vancomycin-impregnated calcium sulfate beads
and internal fixation. At an average follow-up
of 10.5 months, no infection was present in the
26 patients available for follow-up. Two patients
were found to have exudation from the wound
or drain incision, but both were treated with
local wound care only. The calcium sulfate beads
were no longer visible on plain radiographs at
1 month (15 cases) and 2 months (11 cases).'’®
Other case series have documented the benefi-
cial use of antibiotic-impregnated calcium sul-
fate in combat-related fractures.””

Several studies have evaluated the use of
tobramycin-impregnated calcium sulfate beads
in osteomyelitis. A prospective randomized clinic
trial evaluated the effectiveness of traditional
PMMA beads with tobramycin-impregnated cal-
cium sulfate beads in patients with chronic
osteomyelitis and/or infected nonunions. At
24 months, both groups had eradiation of infec-
tion in 86% of patients (12 of 14 patients in
each group). As expected, the PMMA group
required more repeat surgical procedures for
removal of the PMMA beads.""® One study eval-
uated the addition of tobramycin-impregnated
calcium sulfate to the standard treatment of sur-
gical debridement and IV antibiotics. In that
study, infection was eradicated in 23 (92%) of
the 25 study participants. The calcium sulfate pel-
lets were no longer visible on plain radiographs
at 1 month (1 case), 2 months (12 cases), 3 months
(10 cases), and 6 months (2 cases), with the
average time to resorption being 2.7 months.
Eight patients developed a sterile draining sinus,
which closed on average at 2 to 3 months
postoperatively, around the same time that the
calcium sulfate was no longer visible on plain
radiographs.’"”

One retrospective review evaluated the use of
commercially available tobramycin-impregnated
calcium sulfate beads as adjunctive treatment
for chronic osteomyelitis. The addition of local
antibiotics to the standard treatment of surgical
debridement plus IV antibiotics resulted in erad-
ication of infection in 20 of 21 patients at an

average follow-up of 16 months. Seven of the
21 cases were complicated by wound drainage.
Three-quarters of these cases went on to have
wound-healing problems as compared with
one-third of the cases without wound drainage.
Accordingly, serous drainage appears to double
the relative risk of wound-healing problems
(P = .06). Additionally, 1 patient developed tran-
sient AKL'2% A similar study evaluated 65 pa-
tients also receiving surgical debridement, IV
antibiotics, and implantation of tobramycin-
impregnated calcium sulfate beads for chronic
osteomyelitis. That study showed that the addi-
tion of tobramycin-impregnated calcium sulfate
pellets did not have a significant impact on infec-
tion eradication, except in a small subset of pa-
tients who had normal immune systems.'?’

Several animal studies are available evalu-
ating the use of calcium sulfate. Animal studies
show that tobramycin-impregnated calcium sul-
fate beads are equally as effective as traditional
tobramycin-impregnated PMMA beads in pre-
venting infections in a contaminated open frac-
ture model.’?? Similar efficacy also was shown
when the tobramycin-impregnated calcium sul-
fate was combined with demineralized bone ma-
trix, resulting in similar reduced bacterial counts
compared with tobramycin PMMA beads.'?
Additionally, there appears to be equal effec-
tiveness between "“hand-made” tobramycin
PMMA beads, commercially available tobramy-
cin PMMA beads, and commercially available
tobramycin calcium sulfate beads.’?*

The most common complication associated
with the use of calcium sulfate is serous drainage
from the wound, which occurs in from 4% to 51%
of cases'?>'2%; however, as shown previously,
this tends to resolve as the calcium sulfate is
resorbed. Regardless, calcium sulfate has been
shown effective for use in acute open fractures
as well as for the treatment of established
osteomyelitis.

SUMMARY

The orthopedic community has learned much
about the treatment of open fractures from the
tremendous work of Ramon Gustilo, Michael
Patzakis, and others. However, open fractures
continue to be very difficult challenges. Type IlI
open fractures continue to be associated with
high infection rates. Some combination of sys-
temic and local antibiotics may be most appro-
priate in these high-grade open fractures.
Further research is still necessary in determining
optimal systemic antibiotic regimens, as well as
the role of local antibiotics. Any new discoveries



related to novel systemic antibiotics or local anti-
biotic carriers also will need to be evaluated
related to cost.
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