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Abstract

Background Infection after open fractures is a common
complication. Treatment options for infections developed
after intramedullary nailing surgery remain a topic of
controversy. We therefore used a rat fracture model to
evaluate the effects of infection on osseous union when the
implant was maintained.
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Questions/purposes In a rat model, (1) does infection
alter callus strength; (2) does infection alter the radio-
graphic appearance of callus; and (3) does infection alter
the histological properties of callus?

Methods An open femoral fracture was created and fixed
with an intramedullary Kirschner wire in 72 adult male
Sprague-Dawley rats, which were divided into two study
groups. In the infection group, the fracture site was con-
taminated with Staphylococcus aureus (36 animals),
whereas in the control group, there was no bacterial con-
tamination (36 animals). No antibiotics were used either for
prophylaxis or for treatment. We performed biomechanical
(maximum torque causing failure and stiffness), radio-
graphic (Lane and Sandhu scoring for callus formation),
and histologic (scoring for callus maturity) assessments at
3 and 6 weeks. The number of bacteria colonies on the
femur, wire, and soft tissue inside knee were compared to
validate that we successfully created an infection model.
The number of bacteria colonies in the soft tissue inside the
knee was higher in the infection group after 6 weeks than
after the third week, demonstrating the presence of locally
aggressive infection.

Results Infection decreased callus strength at 6 weeks.
Torque to failure (299.07 & 65.53 Nmm versus 107.20 £
88.81, mean difference with 95% confidence interval, 192
[43-340]; p = 0.007) and stiffness at 6 weeks (11.28 £ 2.67
Nmm versus 2.03 + 1.68, mean difference with 95%
confidence interval, 9 [3—-16]; p = 0.004) both were greater
in the control group than in the group with infection.
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Radiographic analysis at 6 weeks demonstrated the fracture
line was less distinct (Lane and Sandhu score of 2-3) in the
infection group and complete union was observed (Lane
and Sandhu score of 3—4) in the control group (p = 0.001).
Semiquantitative histology scores were not different
between the noninfected controls and the rats with infec-
tion (score 10 versus 9).

Conclusions Retaining an implant in the presence of an
underlying infection without antibiotic treatment leads to
weaker callus and impedes callus maturation compared
with noninfected controls in a rat model. Future studies
might evaluate whether antibiotic treatment would modify
this result.

Clinical Relevance This model sets the stage for further
investigations that might study the influence of different
interventions on fracture healing in implant-associated
osteomyelitis. Future observational studies might also
evaluate the histological properties of callus in patients
with osteomyelitis.

Introduction

Infection after open reduction and internal fixation is
common, and its treatment remains a topic of debate.
Maintaining bony stability is essential until fracture union
is complete, but the surgery itself and internal fixation
hardware both can potentiate infection because of tissue
devitalization and colonization of the hardware [1, 7, 21].
On the other hand, evidence also shows that the stability
provided by retaining the implant reduces the likelihood of
infection after fixation [19, 25, 27], and so controversies
abound on this topic.

When infection develops after plate-screw fixation,
retention of the implant until union is recommended if the
fracture fixation is stable [5, 23, 27]. The treatments for
infection after intramedullary nailing are difficult and more
controversial. Commonly, the recommendation is for nail
removal and débridement [26]. There is insufficient evi-
dence as to whether the nail should be retained until union
of the fracture area or removed immediately to begin
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infection treatment. We sought to evaluate this question
using a rat fracture model, specifically to evaluate the
effects of infection on osseous union with maintenance of
the implant.

We asked the following questions: (1) does infection
alter callus strength; (2) does infection alter the radio-
graphic appearance of callus; and (3) does infection alter
the histological properties of callus?

Material and Methods
Study Design

This experimental study included a total of 72 male Spra-
gue-Dawley rats (Istanbul University, Institute of
Experimental Medicine) with an age of 14 weeks and a
mean weight of 250 to 300 g. Institutional Animal Care and
Use Committee approval was obtained before study ini-
tiation (ethics committee permission number 2012/161).
The rats were randomly divided into two equal groups: the
infection group (36 rats) and the control group (36 rats). All
rats received an open fracture of the femoral diaphysis that
was fixed with intramedullary Kirschner wire.

For surgical anesthesia, all the animals were adminis-
tered an intraperitoneal injection of 65 mg/kg ketamine
and 7 mg/kg xylazine. Under sterile conditions, and
through a lateral approach, we approached the mid-
diaphysis of the femur, one-third of the diaphyseal
diameter was drilled, and the remaining bone was broken
manually. The knee was opened with a l-cm medial
parapatellar incision, and the patella was dislocated lat-
erally. After reduction of the fracture without damaging
the periosteum, a 21-gauge needle was inserted in the
intramedullary canal through the femoral intercondylar
notch, and the femur was drilled to provide the most stable
fixation possible, Kirschner wire (0.71-1.25 mm di-
ameter) was advanced proximally to the greater
trochanter, and the distal end of the wire was cut and
positioned inside the intercondylar notch.

In the rats assigned to the infection group, we induced
infection according to an established model [12] with
methicillin-sensitive Staphylococcus aureus isolated from a
patient with an intraarticular infection. For the inoculation
procedure, the bacteria produced from fresh 24-hour cul-
tures in bloody agar were prepared as opaque suspensions
in phosphate-buffered saline (PBS; 50 mM NaH2PO4 +
Na2HPO4, pH 7.2) in a 0.5 McFarland tube (1 x 108
colony-forming units [CFU]/mL). The suspensions were
used to create the infection model in half of the rats. For
postoperative pain control, the rats were administered 0.2
mg/kg morphine sulfate subcutaneously immediately after
surgery, twice in the first 24 postoperative hours, and when

@ Springer



3192  Fracture Healing and Infection

Clinical Orthopaedics and Related Research®

necessary for sufficient analgesia. The animals were
evaluated twice a day for swelling, complications, nutri-
tion, and hydration. Postoperatively, the rats were fed a
standard diet and water. At the end of the study period, all
animals were euthanized with an intraperitoneal injection
of 135 mg/kg sodium pentothal. Aseptic techniques were
used throughout all the procedures.

In the control group, 10 pLL PBS (control) was injected
into the fracture area after fixation of the fracture created
using the same technique. The incisions in both study groups
were closed with 5-0 Vicryl sutures and skin staples.

The rats in each group (36 rats) were subdivided into
groups of 18 and follow-up examinations were completed
at 3 and 6 weeks after surgery. At each time point, eight
rats were used for biomechanical examination, eight rats
were used for microbiological investigation, and two rats
were used for histological examination.

To validate the presence of systemic infection, blood
samples from the infection group were taken from large
vessels after euthanasia. Blood samples (approximately 2.0
mL) were collected aseptically into blood culture tubes and
placed in a BACTEC 9120 device (Becton Dickinson
Microbiology Systems, Franklin Lakes, NJ, USA) in Is-
tanbul University, Department of Microbiology. After
reproduction in the tubes, implantation was made from
each tube into a bloody gelatinous medium. After 24 to 48
hours of incubation at 37 °C, the bacteria produced were
identified. Methicillin-sensitive S aureus was produced
from the blood samples in the infection group.

Quantitative bacteriology assessments on the femur,
wire, and soft tissue inside the knee were performed by one
observer (NG) and the groups were compared to validate
that we successfully created an infection model (Table 1).

After euthanasia, synovial samples were taken for
aerobic culture from the joints of both the operated and
non-operated sides from all of the animals. After 48 hours
of incubation at 37 °C, positive or negative changes were
recorded, and it was noted if the blood culture had become
opaque. Samples were obtained aseptically from both fe-
murs, and culture and bacteria counts were completed.

The wires were removed aseptically from the operated
femurs. Under sterile conditions, the bacteria attached to
the wire were separated by centrifugation in a sonication
device (67 kHz at 11,000 rpm). For microtiter dilution, the
samples were collected, and the bacteria count (CFU/wire)

was calculated for each wire. No bacterial colonization
occurred in the femurs of the control group. Based on
colony counts, as expected, the infections worsened over
the period of observation such that the number of bacterial
colonies in the soft tissue around the knee was higher in the
infected rats after 6 weeks than at the 3-week time point
(338 at 6 weeks, seven at 3 weeks; p = 0.002) (Table 1).

Using a digital imaging system, radiographs were taken
for all rats at 3 and 6 weeks after surgery. The radiographs
were taken under anesthesia with the rats in the prone
position and both legs abducted. The callus tissue and
osseous union were evaluated according to the Lane and
Sandhu system, which scores fracture healing as 0 (no
callus), 1 (callus formation present but no evidence of bone
union), 2 (initiation of bone union present), 3 (bone union
present, fracture line no longer visible), or 4 (complete
bony union) [14].

For histological evaluation, after implants were re-
moved, the femurs were removed and fixed in 10%
formalin for 1 day and then decalcified in a 10% nitric acid
solution for 2 days. The tissue samples were embedded in
paraffin after tissue processing. The sections were stained
with hematoxylin-eosin and examined histopathologically
for inflammation and callus formation using a scoring
system [12] that describes the callus formation from fibrous
tissue to bone healing with matured bone.

A total of 32 animals underwent biomechanical eval-
uation. After euthanasia, both femora were removed by
disarticulation of the hip and knee. The intramedullary
wires were removed by grasping the end of each wire as it
protruded from the distal part of the femur, and soft tissue
was dissected from the bone except for a thin layer cov-
ering the callus. The rat femur samples were first fixed
from both ends with paste (steel paste-polyester resin) in-
side cylindrical aluminum pipes. To prevent the bones from
turning, the pipes were fixed to metal cylinder blocks. The
upper part of the bone fixed on the metal blocks was at-
tached to the upper clamp of a universal test machine (MTS
858 Mini Bionix II, Eden, Prairie, MN, USA), and the
lower part of the bone was attached to the lower clamp.
The bones were attached to the load cell to measure the
axial and torsional loads (MTS Axial-Torsional Load
Transducer [2500 N/25 Nm)).

After attaching the samples to the test machine, each
sample was exposed to torsional loading at 90°/min angular

Table 1. Number of bacteria produced in the femur, wire, and soft tissues of the infection group (CFU)

Postoperative period Femur (CFU)

Wire (CFU) Soft tissue in the knee (CFU)

Third week
Sixth week

431 £ 377 (70-1000)
650 £+ 327 (300-1000)

166 £ 147 (16-400)
586 £ 421 (120-1000)

7 + 14 (0-40)
338 + 280 (50-800)

Values are mean £ SD with ranges in parentheses; CFU = colony-forming units.
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speed. The tests continued until failure was observed. By
applying the same test scenario to each sample, the time,
torsion angle, and torsion moment values were recorded
simultaneously at a 10-Hz frequency.

All the collected data were processed in MATLAB
(Matworks, Inc, Natick, MA, USA) and the values for
maximum moment load (Nmm) leading to failure during
loading and the torsional angle (degree) at the moment of
damage for each sample were obtained. The rigidity was
calculated from the measured torsional angle and moment
values. The maximum torque values were normalized by the
respective values from the intact femurs (percent maximum
torque) and average values were calculated for each group.

One rat died from the infection group of rats assigned to
the biomechanical study. In the control group, two rats
were withdrawn from the study on the suspicion of con-
tamination. Thus, three rats were added to the study so as
not to reduce the power of the study.

The structural differences between the animals were
minimized by calculating the maximum torque causing
failure (percent torque) in the contralateral healthy femur.

Statistical Analysis

A power analysis based on a previous study was used to
determine the number of animals [2]. Assuming a power
level of 0.8 and p value of 0.05, six animals would be
required to determine a 60% difference between infection
and noninfection groups in terms of mechanical testing. We
choose eight rats per group to increase the power level and
consequently our power level increased to 0.9.

A two-way variance analysis was used for the biome-
chanical values. The two factors were time and fracture
model. A value of p < 0.05 was accepted as statistically
significant. Differences between fracture types over time
were assessed using the Bonferroni-Dunn post hoc test
when appropriate. Statistical analysis was performed using
SPSS software (IBM, Chicago, IL, USA).

Results

Infection decreased callus strength at 6 weeks but not at 3
weeks. Torque to failure and stiffness both were lower in the
infection group than in the control group at 6 weeks, but with
the numbers available for testing, they were not different at 3
weeks (p=0.615 and p =1, respectively; Table 2). Torque to
failure (299.07 £ 65.53 Nmm versus 107.20 4 88.81, mean
difference with 95% confidence interval [CI] = 192 [43-
340]; p=0.007) and stiffness at 6 weeks (11.28 & 2.67 Nmm
versus 2.03 £ 1.68, mean difference with CI=9 [3-16]; p=
0.004) both were greater in the control group than in the
group with infection. Maximum torque to failure was lower
in the infection group than in the control group at all time
points. Regarding biomechanical strength at 3 weeks post-
operatively, there was a difference between the control and
infection groups (41% versus 16% of contralateral femur,
respectively; p = 0.019). At 6 weeks, callus strength in the
control group remained higher than in the infection group
(62% versus 29% of contralateral femur, respectively; p =
0.036) (Table 3).

Infection altered the radiographic appearance of callus.
The radiographs taken at the third week revealed callus

Table 2. The maximum torque causing failure (Nmm) and stiffness (Nmm/degree) of the groups after 3 and 6 weeks

Postoperative period Infection group Control group p value Infection group healthy side Control group healthy side
Maximum torque causing failure (Nmm)

Third week 484 £ 274 116.3 £+ 44.2 0.615 346.6 £ 81.1 332.5 £ 103

Sixth week 107.2 £ 88.8 299.1 £ 65.5 0.007 250.6 £ 93 410.5 + 104.4
Stiffness (Nmm/degree)

Third week 09 £ 0.6 26 £ 1.6 1.000 20.1 £ 7.1 20.8 £ 7.1

Sixth week 2+ 1.7 113 £ 27 0.004 14.1 £ 4.7 241+ 6

Values are mean £ SD.

Table 3. The maximum torque causing failure (Nmm) ratio of the groups after 3 and 6 weeks

Postoperative period Infection group Control group p value
Maximum torque causing failure (Nmm)
Third week 16 £ 11.1 40.6 £ 21.3 0.019
Sixth week 28.8 &+ 24.6 62.2 £+ 27 0.036

Values are mean £ SD.
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Fig. 1A-B Radiologic images at 6 weeks postoperatively are shown.
Gross evaluation of radiographic image in the infection group reveals
immature callus surrounding the fracture site and lack of bridging
bone (A). Interval cortical bridging is seen in the control group (B).

formation in both groups, but no bony union could be de-
tected. At the sixth week, complete bony union was found
in the control group, whereas the infection group showed
only the initial stages of bony union (Fig. 1). Three weeks
after surgery, radiological evidence of fracture healing was
seen both in the infection and the control groups (Lane and
Sandhu score of 1-2). At 6 week, the fracture line was less
distinct (Lane and Sandhu score of 2-3) in the infection
group and complete union was observed (Lane and Sandhu
score of 3—4) in the control group (p = 0.001).

Infection altered the histological properties of callus.
Histological evidence of bone healing was observed by the
sixth week in the control group but not in the infection
group. There were areas concentrated with polymor-
phonuclear leukocytes (PMNs) and callus in all samples.
Bony fragments were observed on careful examination of
these PMNs, which function as a type of macrophage. In
the third-week samples, there were cartilage areas (score 8:
mostly immature bone and little cartilage tissue) in both
groups. At the sixth week, the PMNs were denser and there
were areas of abscess in the infection group (score 9:
fracture healing with immature bone) (Fig. 2). In the con-
trol group, nearly mature bone tissue that showed
trabecular formation was observed (score 10: fracture
healing with mature bone) (Fig. 3).

Discussion

Infection after internal fixation is one of the most serious
complications that can arise during fracture treatment. The
metallic devices increase the likelihood of infection by
providing a base for the formation of a biofilm layer; how-
ever, these osteosynthesis devices provide vital stability for

@ Springer

Fig. 2 The infection group at 6 weeks shows callus tissue, consisting
predominantly of reactive trabecular bone and focally of cartilage
(Stain, hematoxylin-eosin; original magnification, x100).

Fig. 3 Control group at 6 weeks shows callus tissue, reactive bone,
showing bridging in the cortical area (Stain, hematoxylin-eosin;
original magnification, x40).

fracture union [10, 18, 20]. Because of these competing
concerns, two possible approaches can be considered when
an infection arises after open reduction and internal fixation:
implant removal and treatment of the infection or implant
retention until fracture union with subsequent treatment and
perhaps delayed implant removal. There are conflicting
recommendations regarding this dilemma [1]. In this animal
study we asked the question of whether infection alters
fracture callus strength, formation, and morphology. Our
findings showed that retaining an implant in the presence of
an underlying infection (in the absence of antibiotic treat-
ment) leads to weaker callus and impedes callus maturation
compared with controls.

There are several limitations of this study. First, as
noted, we did not give any antibiotics to the rats. In clinical
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practice, antibiotics are given according to the bacteria
isolated from the infection side [3]. It is possible that the
differences between the groups would have been less dra-
matic had we given antibiotics; however, to ensure
infection in the infection group in this model, antibiotics
were not used. Second, we euthanized the animals at the
end of 6 weeks. Longer durations of followup may have
resulted in stronger, more visible callus. However, 6 weeks
was used because 6 weeks was the endpoint recommended
in previous animal research [11]. In addition, the distal and
proximal ends of the implant were not locked, which could
lead to weaker torsional stability. The other limitation of
this study was the absence of a control group treated
without stabilization. Lastly, we examined only two rats in
each group for histological comparison, and so if there
were to have been animal-to-animal variability, we might
have failed to discern it.

Although callus tissue formed, it was biomechanically
weak. By 6 weeks, the infection group had lower failure
torque and stiffness. This is the first study to our knowledge
that compares the strength of the infected and noninfected
callus. Fracture stability after osteosynthesis is important
for fracture healing and preventing infection [25]. In pre-
vious animal studies, lower rates of infections were
observed in fractures with stable fixation than in those with
unstable fractures [19, 27]. In the current study, loosening
around the implant was observed in the infection group.
Fracture stability is also related to the biomechanics of the
newly formed callus. In a previous animal study, the
rigidity of osteotomies with unstable fixation was observed
to be weak; however, no difference was observed between
the bending rigidity of stable osteotomies and healthy
bones [22].

The radiographs revealed that the callus tissue was not
fully ossified, and a radiolucent area had formed around the
implant in the infection group. In previous studies of in-
fected fracture models, callus tissue was observed in the
infected fracture area under the supply of antibiotics [2, 3,
24]. The difference from these studies is that no antibiotics
were used and no segmental defects were created. Further
work will be necessary to better understand the systemic
antibiotic effect on controlling the infection and enhancing
bone formation in our infection model.

In histological evaluation, the results were consistent,
although two specimens in each group were evaluated [15].
The callus tissues of both groups at the third week were
similar, but at the sixth week, the callus formation remained
immature in the infection group. Larger sample sizes are
needed for additional semiquantitative information.

The indications for the removal or retention of implants
in cases of infection in the fracture area during the early
period after osteosynthesis are not well defined. A retro-
spective clinical study examined the union for cases in

which the implant was not removed after an early-stage
infection in the fracture area [1]. The authors concluded
that infection can be successfully treated with débridement
and antibiotics with hardware retention. In addition, open
fractures and intramedullary nailing were two poor prog-
nostic factors associated with lower success rates [1]. The
results of the current study tend to support these clinical
study data with some limitations (lack of any treatment in
the groups). Based on these two poor prognostic factors
(open fractures and an intramedullary implant), complete
union of the fracture was not observed.

An important part of this type of experimental study is
the formation of the fracture and infection model. Rat
osteosynthesis models have previously used open incisions
and stabilization with plates or external fixator systems [4,
8,9, 17]. Although these systems are commonly associated
with gap osteotomy models, a fracture model could be
similarly achieved by making a single saw cut (rather than
two needed for a gap osteotomy). In the current study, a
transverse open fracture was created in the femoral mid-
diaphyseal area to obtain a standard fracture model in the
same area of the femur. The standard treatment for frac-
tures in this area is fixation with intramedullary nailing.
Accordingly, we placed a Kirschner wire inside the
medullary canal for fixation and stabilization. S aureus is
the common cause of periprosthetic infections and is
typically used to create an infection model [6, 19, 24, 25,
27]. Infection models have been created using a range of
S aureus concentrations such as 1 x 10® to 1 x 10*
[13, 25]. Clinically, the development of infection after in-
tramedullary nailing may progress as far as sepsis. Even in
the event of sepsis, it has been reported that union can still
occur in a fracture that has stable fixation with in-
tramedullary nailing [16]. In the current study, a high
number of S aureus (1 x 108) was used to create a local
infection rate of 100% with low morbidity. S aureus were
produced in the blood cultures of all infected cases. Thus,
we created an infection model clinically similar to a patient
with osteomyelitis and sepsis who underwent in-
tramedullary nailing.

Retaining an implant in the presence of an underlying
infection without antibiotics treatment leads to weaker
callus and impedes callus maturation compared with non-
infected controls in a rat model. A future study like the
current study can be repeated to see whether antibiotic
treatment would make a difference. This model permits
setting the stage for further investigations to study the in-
fluence of different interventions (hardware present versus
absent, antibiotherapy present versus absent) on fracture
healing in implant-associated osteomyelitis. Our findings
also suggest biopsy studies of patients with infected non-
unions with hardware present versus absent using an
observational design.
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