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Experimental Osteomyelitis Treatment
With Antibiotic-Impregnated

Hydroxyapatite

Mark E. Shirdiff, PhD¥; Jason H. Calhoun, MD¥;
and Jon T. Mader, MD**%1

A calcinm hydroxyapatite antibiotic implant was
evaluated to determine its efficacy as an antibi-
otic delivery system in a localized osteomyelitis
rabbit model. Localized rabbit tibial osteomyelitis
was develofjed with an intramedullary injection of
methicillin resistant Staphylococcus aureus. In-
fected rabbits were randomized and divided into
eight groups depending on treatment with or with-
ouf debridement, systemic antibiotics, antibiotic-
.impregnated polymethylmethacrylate beads, or
calcinm hydroxyapatite implants with and with-
ouf antibiotic impregnation. All treatments began
2 weeks after infection, After 4 weeks of therapy,
the involved bones were coltured for concentra-
tions of Staphylococcus aureus per gram of bone,
Rabbits (n = 11) that had calcium hydroxyapatite
(impregnated with vancomycin) implanted into
the dead space after the debridement surgery had
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an 81.8% infection clearance after treatment,
Rabbits (n = 10) that had polymethylmethacry-
late beads (impregnated with vancomycin} im-
planted into the dead space after debridement
surgery had a 70% clearance rate, All other
treatment modalities resulted in less than 50%
clearance rates. Calcium hydrexyapatite may be
an effective alternative to polymethylmethaciy-
Iate for providing local antibiotic therapy in
cases of methicillin resistant Staphylococcus au-
reus osteomyelitis.

Implant materials impregnated with antibi-
ofics have long been used to manage the dead
space created by debridement surgery in pa-
tients with osteomyelitis. 24! By providing
local, sustained, and high concentrations of
antimicrobial agents to the area of infection,
the eradication or suppression of the infectious
process is assisted. 14184043 Algo, this high
concentration of antibiotic can be attained
without systemically exposing an individual
to antibiotic levels that often would result in
numerous toxic side effects. 143342
Polymethylmethacrylate, one example of a
widely used implant material in orthopaedics,
has been used successfully with numerous
antibiotics, including vancomycin, tobramycin,
and gentamicin, 17182930 Various problems have
been associated with polymethylmethacrylate




240

Ciinical Orthopaedics
- and Related Research

Shirtiiff et al

use, including the requirement for bead removal
by a second surgical procedure and poor antibi-
otic elution properties. #2344 In addition, this
implant material may cause local immune com-
promise according to in vitro studies.!631-34
Howeyver, the clinical significance of these stud-
ies has not been confirined,

A new implant material may be able to re-
duce or eliminate many of the problems asso-
ciated with the clinical standard of polymeth-
ylmethacrylate bead therapy for dead space
management. One biodegradable material that
has been used clinically includes the gentamicin-
impregnated collagen sponge.® However, re-
cent evidence has shown that antibiotic release
may last only 4 days.?® Numerous in vitro and
in vivo studies have been done that use alter-
native materials for possible implantation.
Kanellakopoulou and Giamerellos-Bourboulis!?
did a review of carrier systems. A calcium hy-
droxyapatite material impregnated with an-
tibiotics may be an effective alternative to
polymethylmethacrylate and intravenous an-
tibiotics. Average compact bone is composed
of approximately 30% matrix (collagen) and
70% salts, the majority of which is calcium
hydroxyapatite. This salt material may be
more effective than current treatment modali-
ties for various reasons. First, this material
could provide bactericidal concentrations of
antibiotics for the prolonged time necessary to
completely treat the particular orthopaedic in-
fection. Second, because the hydroxyapatite
material is resorbed, there is no need for bead
removal such as in the case of polymethyl-
methacrylate-antibiotic impregnated beads,
Third, variable resorbability from weeks to
months because of bead size may allow many
types of infections to be treated. Finally, be-
cause the hydroxyapatite material is replaced
slowly by new-forming bone, the soft tissue or
bone defect may slowly fill with tissue and
eliminate the need for reconstruction.

Calcium hydroxyapatite was evaluated in
vivo by Korkusuz et al?® in a rat osteomyelitis
model who found that eradication of infection
occurred within 7 weeks of implantation with
antibiotic-impregnated calcium hydroxyapatite
ceramic composites. In another study, Cornell

et al® used hydroxyapatite ceramic beads im-
pregnated with gentamicin sulfate and genta-
micin crobefat (a low water solubility salt of gen-
tamicin) to treat experimental osteomyelitis in
rabbits. They found treatment with antibiotic-
impregnated calcium hydroxyapatite cleared
Staphylococcus aureus infection in 72.7% of
the animals. Most recently, a study that com-
pared the efficacy between a biodegradable im-
plant and polymethylmethacrylate was done by
Solberg et al” in an experimental osteomyelitis
rat model. They found that bacterial clearance
rates were equal between animals treated with

gentamicin-impregnated polymethylmethacry-

late and gentamicin-impregnated calcium hy-
droxyapatite implants. Although showing the
efficacy of calcium hydroxyapatite as a deliv-
ery vehicle for gentamicin in the treatment of
methicillin sensitive Staphylococcus aureus os-
teomyelitis, the results from these studies may
not be applicable to osteomyelitis attributable
to methicillin resistant strains of this species.
Therefore, the objective of the current study
was to determine whether an hydroxyapatite
material impregnated with vancomycin had
the. potential of supplying a basis for bone re-
construction and providing an improved treat-
ment method for the long-term delivery of
antibiotics to methicillin resistant Staphylo-
coccus aureus orthopaedic infections as tested
in a rabbit model with localized osteomyelitis.

MATERIALS AND METHODS

A localized osteomyelitis was developed for the
current study in 2 to 3 kg female New Zealand
White rabbits. The localized osteomyelitis model
was a combination of the dog model of Fitzgeraldi®
and the rabbit model of Mader?! and Shirtliff and
Mader.3¢

Organism

The strain of Staphylococcus aureus was obtained
from a patient with ostcomyelitis who was receiv-~
ing treatment. The isolate was a methicillin resis-
tant Staphylococcus aureus strain, The organism
had been stored at —70° C in defibrinated sheep’s
blood and was used as needed. Antibiotic tube di-
lution sensitivities of this Staphylococcus aureus
strain were measured for vancomycin in a cation

-
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supplemented Mueller-Hinton broth (Difco Labo-
ratories, Detroit, MI).?

The minimum inhibitory concentration of van-
comycin to Staphylococcus aureus was determined
using an antibiotic fube-dilution method in cation
supplemented Mueller-Hinton broth. Vancomycin
was diluted seriaily; twofold, in tubes containing 5
mL of cation supplemented Mueller-Hinton broth.
The Staphylococcus aureus inoculum for the series
of tubes was 0.1 mL of 5 X 10 colony forming units
per mL dilution in cation supplemented Mueller-
Hinton broth of an overnight culture. The minimum
inhibitory concentration was the lowest concentra-
tion of antibiotic that prevented turbidity after 20
hours incubation at 37° C. After the minimum in-
hibitory concentration was determined, 0.01 mL of
each clear tube was streaked onto the surface of a
blood agar plate. The minimum bactericidal concen-
tration was the lowest concentration of antibiotic
that results in 10 or fewer colony forming units on
the plate after 24 hours incubation at 37° C.

Calcium Hydroxyapatite

The hydroxyapatite cement used in the corrent study
was BoneSource (Osteogenics Inc, Richardson, TX).
The antibiotic was added to the calcium hydroxyap-
atite before implantation by adding 4 g vancomycin
to 40 g calcium hydroxyapatite powder.

Induction of Tibial Osteomyelitis

A localized Staphylococcus aureus osteomyelitis was
induced surgically in the left lateral tibial metaphysis
of all rabbits within all study groups.227.%

Preparation of the Infective Media

One colony forming unit of Staphylococcus aurcus
was incubated overnight in cation supplemented

Mueller-Hinton broth at 37° C. The bacterial con-
centration of the culture was adjusted to 108 colony
forming units per mL using a Petroff Hausser
Counting Chamber (Fisher Scientific, Pittsburgh,
PA). The culture was diluted additionally in 0.85%
saline to a final concentration of 109 colony form-
ing units per mL.

Animals and Infection Preparation '

New Zealand White rabbits (Ray Nicholl’s Rab-
bitry, Lumberton, TX), 8- to 12-weeks old and
weighing approximately 2 kg (n = 110}, were used
for the study. After the mandatory 7-day wait after
delivery to the on-site animal resources center, rab-
bits were anesthetized using an intramuscuiar in-
jection of 45 mg/kg Ketaset (Fort Dodge Laborato-
ries, Inc, Fort Dodge, 1A) and 8 mg/kg Xylazine
{Rugby Laboratories, Inc, Rockville Center, NY).

Infective Procedure

An 18-gauge necedle then was inserted percuta-
neously through the lateral aspect of the left tibial
metaphysis into the intramedullary cavity. Five
percent sodium morrhuate (Eli Lilly, Indianapolis,
IN) (0.15 mL), 0.1 mL. Staphylococcus aureus (107
colony forming units/mL), and 0.2 mL sterile
0.85% saline were injected sequentially. The infec-
tion was allowed to progress for 2 weeks, at which
time the severity of osteomyelitis was determined
radiographically (Table 1).

Treatment Groups

At the end of 2 weeks after infection, 98 of the 110
infected rabbits had radiographically-confirmed lo-
calized proximal tibial osteomyelitis. These rabbits
were separated into eight study groups; each group
was sacrificed at 6 weeks after infection. Group One

TABLE 1. Gross Pathologic and Radiographic Criteria for Grading the Severity of
Experimental Staphylococcus Aureus Osteomyelitis in Rabbits

Grade Gross Pathologic Features Grade Radiographic Findings

o Normal 0 Normal

1+ No bone involvement; soft tissue it Elevation or disruption of periosteum,
swelling at proximal tibial metaphysis or both; soft lissue swelling

2+ Soft tissue abscess; < 10% 2+ < 10% disruption of normal bone
widening of proximal tibial metaphysis architeclure

3+ > 10% widening of proximal tibial 3+ 10% to 40% disruption of normat bone

’ metaphysis architecture
4+ Bisruption or pitting of bone architeciure 4+ > 40% disruption of normal bone

architecture
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{n = 26) was comprised of rabbits that were infected
but was left untreated for the duration of the study.
Group Two (n = 12) was comprised of rabbits that
had debridement surgery 2 weeks after infection.
Group Three (n = 8) was comprised of rabbits that
had debridement surgery 2 weeks after infection and
4 weeks subcutaneous vancomycin administration at
a dose of 30 mg/kg twice daily. This dose was cho-
sen based on previous studies with osteomyelitis in
rabbits.?2% Group Four (n = [1) included rabbits
that had only 4 weeks of subcutancous vancomycin
administration at a dose of 30 mg/kg twice daily
starting 2 weeks after infection. Rabbits in Group
Five (n = 10) had the hydroxyapatite material (with-
out antibiotic impregnation) implanted into the dead
space created by the debridement surgery (done 2
weeks after infection). Rabbits in Group Six (n = 8)
had hydroxyapatite material (without antibiotic im-
pregnation) implanted into the debrided region and
subcutaneous vancomycin treatment at a dose of
30 mg/kg twice daily for 28 days after debride-
ment surgery. Rabbits in Group Seven (n = 12) had
hydroxyapatite material (impregnated with van-
comycin) implanted into the dead space left after
the debridement surgery. Rabbits in Group Eight
(n = 1) had 6 mm diameter polymethylmethacrylate
beads (impregnated with vancomycin) implanted
into the dead space after debridement surgery. A 4-
week therapy period was required for each group
{except Group One). At the end of 4 weeks of ther-
apy, radiographs were obtained and compared with
the radiographs obtained before treatment to evalu-
ate the extent of osteomyelitis, the effect of therapy,
and the bone growth,

Debridement of the Defect and Device
Implantation

After the animals were assigned a treatment group,
necrotic tissue was debrided from within the defect
and from the surrounding soft tissue in all groups
except Groups One and Four.?¢ Depending on the
group, plain or vancomycin-impregnated hydroxy-
apatite material or polymethylmethacrylate (6 mm
diameter beads) was packed into the debrided de-
fect of the rabbits. Approximately 2 to 7g calcium
hydroxyapatite cement were implanted into the
dead space depending on the size of the defect af-
ter debridentent. Treatment for the animals of each
group lasted 28 days (42 days after infection), at
which time the animals were sacrificed and all tib-
ias were harvested for bone Staphylococcus aureus
concentration determination,

Determination of Bacterial Concentration
Per Gram of Bone

Quantitative counts of Staphylococcus aureus colony
forming units per gram of tibial bone were deter-
mined for all study groups. After animals were sac-
rificed, the tibias were stripped free of all soft tissue,
the proximal and distal ends of the tibias were re-
maoved, and the implant-confaining marrow was sep-
arated carefully from the bone as a cohesive unit.
The remaining bone was broken into large frag-
ments, and alf adhering bone marrow was removed.
The large bone fragments were pulverized in a bone
mill (Brinkmann Instruments, Westbury, NY) and
the final product was weighed. Physiologic 0.85%
saline was added to the pulverized bone in a 3:1 ra-
tio (3 mL saline/g bone) and the suspension was
vortexed for 5 minutes. Five, 10-fold dilutions of
each of the saline-bone suspension were prepared
with sterile 0.85% (weight to volume) NaCl solu-
tion. Twenty microliter samples of each of the five
dilutions were spotted onto blood agar plates and in-
cubated at 37°C for 24 hours. The minimum de-
tectable concentration of bacteria was 50 colony
forming units per gram of bone. Colony forming
units then were counted for each tibia sample. The
mean log of the colony forming units for the five
plates and the mean Staphylococcus aurets concen-
tration for each treatment group was calculated. The
mean colony forming units for each group were
compared using a Student’s t test whereas a Fisher’s
exact test was used to compare groups based on per-
cent infected. Only those probability values equal to
or less than 0.05 were considered significant,

RESULTS

Minimum Inhibitory Concentrations and
Minimum Bactericidal Concentrations

Isolates of Staphylococcus aureus obtained
from rabbits still infected at the end of the
treatment period were tested for antibiotic sen-
sitivity to vancomycin. All isolates (including
the original patient isolate) had minimum in-
hibitory concentration equal to or less than
0.39 pg/mL and minimum bactericidal con-
centration equal to or less than 0.79 pg/mL.

Bone Cultures

Treatment with antibiotic-containing calcium
hydroxyapatite resulted in mean bone colony
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forming unit levels of approximately 10° colony
forming unit per gram of bone (Fig 1). This
bacterial concentration did not show any sta-
tistically significant differences (p > 0.05)

of reduction in Staphylococcus aureus con-
centration to undetectable levels (Fig 2).

The calcium hydroxyapatite showed sig-
nificantly lower infection rates after treat-

ment when compared with the other treatment
modalities (p = 0.05) with the exception of the
polymethylmethacrylate bead (impregnated

h4

when compared with the bacterial concentra-
tions in the control and other treatment groups.
However, each group showed different rates
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Fig 1. The mean colony forming unit levels detected in tibias of controf and experimental groups after
infection with 108 colony forming units of methicillin resistant Staphylococcus aureus and a 4-week
treatment regimen are shown. Groups included Group One, Control (n = 26)—infected but untreated
controls; Group Two, debridement alone (n = 12)—debridement surgery 2 weeks after infection; Group
Three, debridement and subcutaneous vancomycin (Debride and Vanc sq) (n = 8)—debridement
surgery (2 weeks after infection) and 4 weeks subcutaneous vancomycin administration at a dose of
30 mg/kg twice daily; Group Four, subcutaneous vancomycin only (Vanc sqg only) (n = 11)—4 weeks
subcutaneous vancomycin administration at a dose of 30 mg/kg twice daily starting 2 weeks after in-
fection; Group Five, calcium hydroxyapatite {CaHA) {n = 10)—calcium hydroxyapatite material (with-
out antibiotic impregnation) implanted into the dead space created by the debridement surgery (done
2 weeks after infection); Group Six, calcium hydroxyapatite and subcutaneous vancomycin (CaHA and
Vanc sq) (n = 8)—hydroxyapatite material (without antibiotic impregnation) implanted into the debrided
region and subcutaneous vancomycin treatment at a dose of 30 mg/kg twice daily for 28 days after de-
bridement surgery; Group Seven, calcium hydroxyapatite impregnated with vancomycin (CaHA
wiVanc) (n = 12)-—hydroxyapatite material (impregnated with vancomycin) implanted into the dead
space left after the debridement surgery; Group Eight, polymethylmethacrylate impregnated with van-
comycin (PMMA w/Vanc) (n = 11)—polymethylmethacrylate cement beads (impregnated with van-
comycin) implanted into the dead space after debridement surgery.
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Fig 2. The percent of animals with positive cultures for Staphylococcus aureus detected in control and“'
experimental groups after infection with 108 colony forming units of methicillin resistant Staphylococcus
aureus and a 4 week trealment regimen are shown. Groups included Group One, Control {n = 26)—in-
fected but untreated controls; Group Two, debridement alone (n = 12)—debridement surgery 2 weeks
after infection; Group Three, debridement and subcutaneous vancomycin {Debride and Vanc sq) (n =
8)—debridement surgery (2 weeks after infection) and 4 weeks subcutaneous vancomycin administra-
tion at a dose of 30 mg/kg twice daily; Group Four, subcutaneous vancomycin only (Vanc sq only) (n =
11)—4 weeks subcutaneous vancomycin administration at a dose of 30 mg/kg twice daily starting 2
weeks after infection; Group Five, calcium hydroxyapatite (CaHA) {n = 10)—calcium hydroxyapatite ma-
terial (without antibiotic impregnation) implanted into the dead space created by the debridement surgery
{done 2 weeks after infection); Group Six, calcium hydroxyapatite and subcutaneous vancomycin (CaHA
and Vanc sq) (n = 8)—hydroxyapatite material {without antibictic impregnation) implanted into the de-
brided region and subcutaneous vancomycin treatment at a dose of 30 mg/kg twice daily for 28 days af-
ter debridement surgery; Group Seven, calcium hydroxyapatite impregnated with vancomycin (CaHA
wiVanc) {n = 12)-—hydroxyapatite material (impregnated with vancomycin) implanted into the dead
space lelt after the debridement surgery; Group Eight, polymethylmethacrylate impregnated with van-
comycin (PMMA w/Vanc) (n = 11)—polymethylmethacrylate cement beads (impregnated with van-
comycin) impianied into the dead space after debridement surgery.

with vancomycin) group and the rabbits that
were treated with debridement followed by 4
weeks vancomycin administration (30 mg/kg,
twice daily). Radiographs at sacrifice showed
progressive osteomyelitis in the confrol groups

and no worsening in the rabbits that were treated .

with antibiotic-impregnated hydroxyapatite.

DISCUSSION

In the current study, antibiotic-impregnated
hydroxyapatite implant material showed sig-
nificantly higher efficacy in reducing concen-!
trations of Staphylococcus aureus in the tibia
of rabbits to lower than detectable levels when
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compared with all treatments with the excep-
tion of polymethylmethacrylate and the rab-
bits that were treated with debridement fol-
lowed by 4 weeks vancomycin administration
(30 mg/kg, twice daily). When compared with
polymethylmethacrylate, the hydroxyapatite
had approximately equal efficacy. However, an
hydroxyapatite material impregnated with an-
tibiotics may be better than polymethylmetha-
crylate beads and intravenous antibiotics in
various ways, as mentioned previously. A sig-
nificant difference between the antibiotic-
impregnated calcium hydroxyapatite treated
group and the group that was treated with de-
bridement followed by 4 weeks vancomycin ad-
ministration was not found. However, the small
sample size of the debridement-vancomycin
treated group (n = 8) may have prevented at-
taining significance.

Colony forming unit concentrations showed
no significant differences between the experi-
mental groups, with the exception of the groups
of rabbits that received debridement with sub-
cutaneous vancomycin and the polymethyl-
methacrylate beads impregnated with van-
comycin. However, the more applicable data
are from a comparison between percentages
of rabbits infected for each of the treatment
modalities. The classification of the study ani-
mals as infected or not infected after the treat-
ment period more closely reflects the clinical
setting because patients still infected would re-
ceive additional treatment regimens.

Generally, groups that received debride-
ment surgeries had a lower percentage of in-
fected rabbits at the end of the treatment period
(p = 0.05). This is most likely attributable to
the removal of the nidus of infection, the sur-
rounding infected tissue, and the involucrum.
Once these infected tissues were removed, the
antibiotic or host immune system or both could
more ecasily clear the infection.>* Subsequent
treatment with parenteral antibiotic therapy ad-

ditionally reduced the amount of those organ- -

isms. Groups that were treated with calcium
hydroxyapatite, when not impregnated with
antimicrobial agents (calcium hydroxyapatite
alone and calcium hydroxyapatite with subcu-

tancous vancomycin), had an approximately
equal or higher percentage of infected samples
than infected nontreated controls. The reason
for this exacerbation of the infection seen in the
calcium hydroxyapatite implants when not im-
pregnated with antibiotics is because the im-
plant, once coated in host proteins, provides an
excellent source of attachment for any bacteria
remaining after debridement surgery.!12.15.26
Once attached, the bacteria can form the gly-
cocalyx, or slime layer, which protects the bac-
teria from normal host defenses and systemic
antibiotics.”813.28

Calcium hydroxyapatite (impregnated with
vancomycin) and polymethylmethacrylate (im-
pregnated with vancomycin) were the lowest
levels of percent infected with 18.2% and
30%, respectively. These levels are in accor-
dance with levels reported in previous stud-
ie5.6.20.37 Therefore, when calcium hydroxy-
apatite antibiotic-impregnated implants were
used, the clearance of bacteria to undetectable
levels in this group was statistically equivalent
to the polymethylmethacrylate group (p > 0.05)
and was significantly less than controls
(p < 0.05). However, in a normal clinical set-
ting, polymethylmethacrylate beads would
have required secondary surgery to remove
the implants, whereas the calcium hydroxyap-
atite was almost completely resorbed. In the
current study, the authors inserted the calcium
hydroxyapatite implant as one cohesive unit
that filled the entire dead space created by de-
bridement surgery. The use of the hydroxyap-
atite implant may have been more efficacious
by compressing this new antibiotic-impregnated
implant material into smaller beads. These
beads would increase the surface area and al-
low for increased bioavailability for calcium
resorption and antibiotic diffusion from the
implant.

The calcium hydroxyapatite cement antibi-
otic delivery system worked as well as poly-
methylmethacrylate, the standard mode of an-
tibiotic bead implantation. However, calcium
hydroxyapatite does not require a secondary
surgery for removal, making it the more at-
tractive of the two options.
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