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Abstract

Objective This study was designed to identify the pre-
sence, type and origin of bacteria adjacent to the metal
implant in the infected region in a canine model of pyo-
genic vertebral osteomyelitis treated with single-stage
anterior autogenous bone grafting and instrumentation.
Methods Dogs with pyogenic spondylodiscitis underwent
one-stage debridement, autogenous bone grafting and
titanium plate instrumentation and perioperative antibiotic
therapy. The implants and adjacent vertebral bones were
removed surgically at various postoperative time points
(4, 8, 12 and 24 weeks) for bacteria detection. Bacteria
were detected from retrieved spinal implants as well as
surrounding bones by culture and/or pyrosequencing
methods in 17 (85 %) of all 20 animals. The positive rate
for bacteria presence was 45 % by culture and 80 % by
pyrosequencing method.

Results Radiological or macroscopic examination
showed no signs for infection recurrence in any animal
regardless of bacteria presence at the surgical site. How-
ever, organism identical with the causative bacterium for
spinal infection was found in only two of nine culture-
positive animals.

Conclusion Within the confines of the study, the use of
metallic implants in an infected area did not lead to a
clinically relevant infection although bacteria may exist at

W.-H. Chen - Y.-J. Kang - B. Wang - C. Lu -

J. Li - G.-H. Lii ()

Department of Spine Surgery, Second Xiangya Hospital, Central
South University, 139 Renmin Road, Changsha 410011, China
e-mail: spinexy@ 163.com

L.-Y. Dai

Department of Orthopaedic Surgery, Xinhua Hospital, Shanghai
Jiaotong University School of Medicine, Shanghai, China

@ Springer

the surgical site. The use of metallic implants in an infected
area of the spine is safe. The metallic implants may not be
the “culprit” for the persistence or recurrence of infection.

Keywords Spinal infection - Animal model -
Canine - Staphylococcus aureus - Titanium implant

Introduction

Despite the great evolution in imaging diagnosis, antibi-
otic therapy, and surgical techniques for spinal infection,
management of pyogenic vertebral osteomyelitis has been
posing a challenge to spine surgeons. The majority of
patients with pyogenic vertebral osteomyelitis can be
treated successfully by conservative methods, including
antibiotic administration, bed rest or immobilization with
orthotic devices. However, surgical intervention is war-
ranted for some cases, particularly for those with intrac-
table pain, progressive neurological deficit and significant
structural instability with kyphotic deformity, when con-
ventional therapy fails [1-8]. The incidence of pyogenic
vertebral osteomyelitis has been increasing, which may be
attributed to the increasing number of aged and immu-
nocompromised population as well as diagnostic
evolutions.

In the 1950s, Hodgson et al. [9] reported their tech-
niques on the surgical management of spinal tuberculosis,
which included debridement and grafting via the anterior
approach. This technique has gradually been accepted by
more and more surgeons, showing the advantage of
immediate correction of kyphotic deformity and spinal
alignment. However, the long-term outcome of this
technique remains doubtful regarding issues in spinal
stabilization in terms of correction loss, pseudarthrosis,
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and graft collapse and extrusion [10, 11]. Therefore,
anterior instrumentation has become an inevitable choice
in certain circumstances [12]. The advocates for spinal
instrumentation argued that stabilization of the spine is
very important for the suppression and eventual elimina-
tion of infections [13, 14]. Increasing evidence has also
showed that instrumentation in the presence of active
infection is well tolerated while spinal stability is main-
tained effectively with sufficient restoration of sagittal
alignment of the spine and relatively shorter duration of
bed rest [3, 14-25].

However, considerable doubt remains regarding whether
spinal instrumentation surgery will lead to persistence or
recurrence of infection or whether placing metal implants
at the “focus” of infection is safe. Shad et al. [26] reported
a series of five patients with cervical vertebral osteomy-
elitis managed with anterior or posterior debridement and
instrumentation. When the implants were retrieved
6—18 months after solid spine fusion, it was noted that
asymptomatic colonization of bacteria on the surface of
implant was common. Interestingly, the authors found that
the bacteria attached to the retrieved plates were not
identical species with those preoperatively obtained in four
of these five cases. The source of bacteria may be related to
sampling contamination or new secondary bacterial infec-
tion. These authors claimed that removal of implants
should be necessary in due time although patients are
asymptomatic.

Based upon the results of study by Shad et al. and other
clinical series, we hypothesized the possible presence of
bacteria at the site of instrumentation for pyogenic verte-
bral osteomyelitis. Therefore, an animal study was
designed to test this hypothesis. The objective of this study
was to identify the presence, type and origin of bacteria
adjacent to the metal implant in the infected region in a
canine model of pyogenic vertebral osteomyelitis and
determine the relation of bacteria, if present, to instru-
mentation or surgery and possible clinical implication; that
is, whether the presence of bacteria will lead to recurrence
or persistence of infection after reconstruction surgery
with single-stage anterior autogenous bone grafting and
instrumentation.

Materials and methods
Animals

Twenty male mongrel dogs, weighting 12-15 kg, were
used for the experimentation. They were caged separately
and fed with conventional food and with water ad libitum.
All experiments were done with the approval of the Animal
Care and Use Committee of our institution.

Bacterial strain and preparation of inocula

A Staphylococcus aureus strain (29213; American type
culture collection, ATCC) was used in the experiment. It
was cultured on trypticase soy agar (TSA) 1 day before
surgery and subsequently incubated at 37 °C for 18 h. The
bacteria in their logarithmic growth phase were suspended
in sterile phosphate buffer solution (PBS) and then cen-
trifuged for 10 min. As the suspension was diluted in PBS
to different bacterial concentrations [in colony-forming
units (CFU) per millilitre] as measured by optical densities
adjusted to a value corresponding to 10*/ml using a spec-
trophotometric assay (Vitek colorimeter, bioMérieux Inc,
France) standard curve. Final concentrations of bacteria
were confirmed by plating the dilutions on trypticase soy
agar.

Osteomyelitis model

We used a modified version of the osteomyelitis model
described by Chen et al. [27]. Briefly, after animals were
anaesthetized with intramuscular injection of ketamine-
xylazine, an anterior retroperitoneal approach was used to
get access to the lateral surface of the desired vertebrae
(L2-L3). With the L2-3 disc removed partially, the end-
plates of the adjacent two vertebral bodies were curetted
out for the bacterial inoculation. A 1-cm® cubic gelatin
sponge, loaded with 0.1 ml bacterial inoculum at a speci-
fied concentration, was inserted into the intervertebral
space. Then the insertion site was sealed with bone wax.
The fascia and skin layers were tied, and the skin incision
was closed with a single interrupted silk suture. All surgical
procedures were carried out under strict sterile conditions
in a conventional operation theatre. Animals were kept in
separate hutches and fed with antibiotic-free standard food
before and after instrumentation surgery was made. The
wounds were examined daily; weight and temperature were
checked once weekly.

Surgical procedure

Instrumentation surgery was performed upon animals with
vertebral pyogenic osteomyelitis 4 weeks after bacterial
inoculation. Before surgery was undertaken, the presence
of spinal infection were confirmed by magnetic resonance
imaging (MRI) examination in all animals, as defined by
characteristic changes of abnormal signal on both T1- and
T2-weighted images throughout the involved disc and
vertebral bodies [27, 28]. The MRI was also used for sur-
gical planning by demonstrating the extent and severity of
infection. Antibiotical therapy was begun 1 week prior to
surgery with the protocol of intramuscular cefazolin (2 g
twice per day) and gentamycin (80,000 units twice per
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Fig. 1 Surgical procedure. All infected and necrotic tissue including
the infected intervertebral disc, adjacent end plates and vertebral body
bone were resected. a The iliac bone graft was wedged into the defect
to reconstruct the spine. b Instrumentation following bone grafting
was made with a titanium plate fixed with four titanium screws

day), based upon results of the preliminary study of the
antibiotic sensitivities of the causative organism. The
anaesthesia and surgical approach was identical to those
used for the virgin spine surgery. After a thorough
debridement of all infected and necrotic tissue by discec-
tomy and corpectomy, the iliac bone graft obtained via a
separate fascial incision was wedged into the defect to
reconstruct the spine (Fig. la). Finally, anterior instru-
mentation was performed using a four-hole titanium plate
(Fig. 1b). Postoperatively, antibiotics were applied for
4 weeks with the same regimen as before instrumentation
surgery.

Follow-up examination
The follow-up period after instrumentation surgery ran-

ged from 4 to 24 weeks. The animals were assessed
clinically for any signs of infection recurrence including
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swelling, redness, fistula, soft-tissue defects and pus
drainage. They were euthanized 4, 8, 12, and 24 weeks
after surgery (n = 5 per time point) with an intravenous
overdose of pentobarbital sodium, according to the
approved protocol. All dogs were examined at the cor-
responding time interval using MRI to determine the
presence or absence of infection recurrence. MRI results
were reviewed by the same investigator who was blinded
to the treatment. Weight measurement was also made at
each time point.

Sample acquisition and bacteria culture

After animals were killed, the instrumented spines were
excised under strict aseptic conditions. The instrumented
plate and bone surrounding the plate (within 1 cm of dis-
tance from the plate) were obtained from each specimen.
After being evaluated for any signs of infection recurrence
such as purulent exudates, abscess formation, bone
resorption, and implant failure, samples were transported
into separate sterile tubes for macroscopic observation or
further evaluations.

The retrieved bone and plate were separated. Ten
sterile swabs were passed across each of the retrieved
plates with total plates amounting to 200. Then each of
the plate was placed in a sterile tube with 20 mL phos-
phate-buffered saline and sonicated (Branson Ultrasonic
Cleaner; Branson Ultrasonics, Danbury, CT, USA) at a
frequency of 50 kHz for 5 min. Previous studies [29-33]
have proven the efficiency of such ultrasonic treatment for
removing any bacteria that attach to the plates without
leading to the death of bacteria. After sonication, an ali-
quot of the solution was collected and submitted for
further microbiologic culture (n = 200 for plates) and
PCR processing. Meanwhile, ten sterile swabs were pas-
sed across each of the retrieved bone samples (n = 200
for plates). Then the removed bone samples were pul-
verized and homogenized in PBS solutions; finally, the
suspension also were inoculated on TSA plates (n = 200
for plates) or processed of further PCR procedures. All
the swabs were inoculated on separated TSA plates. Each
of the aforementioned specimens was inoculated on ten
TSA plates, with five plates incubated at aerobic condi-
tions and five plates incubated at anaerobic conditions.
All samples were placed in 37 °C and cultured for
1 week. At least three in five positive TSA plates were
defined as positive microbiologic culture results. Finally,
the colonies were processed by automatic bacteria iden-
tification system (Vitek 32, bioMérieux Inc, France) for
the identification of specific species.

Ten sterile titanium plates treated with same procedures
were used as the negative controls to exclude the influence
of bacteria contamination during the processes.
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Fig. 2 Scheme for bacteria
detection

Scheme for bacteria detection

Bacteria detection by PCR methods

Sonicates of the retrieved titanium plates were centrifuged
for 15 min (10,000g). After the supernatants were dis-
carded, the remnants were processed for water bath at
55 °C. DNA extraction and purification kit (PureLink
Genomic DNA Purification Kit, Invitrogen, USA) was used
for advent processing.

Oligonucleotide primers used were complementary to
conserved regions of the 16SrRNA gene of E. coli, which
possess 216 pairs of base. Specific primer sequence was
named P1 (GAGGAAGGTAGGGGACTGACGT) and P2
(AGGCCCGGGAACGCTATTCTACCG) for amplification
of a 216-bp fragment of the 16S rRNA gene. P1 and P2 are
located at 1199-1219 and 1394-1445 gene sequence of
E. coli, respectively. After being amplified for 30 cycles, PCR
products were stored at —20 °C or processed for direct aga-
rose gel electrophoresis, of which 15 pl aliquots were sepa-
rated on agarose gel together with the amplification product of
Staphylococcus aureus for verification of the product size,
with a negative control for at least every fifth sample. Detailed
scheme for bacteria detection is shown in Fig. 2.

Statistical analysis

The data were collected and analyzed using the SPSS
software. The sensitivity results of bacteria detection were
compared using the Chi square test with the level of sta-
tistical significance set at P < 0.05.

Tissue specimen » Swabs [€ Retrieved implants
A 4 A 4
Pulverize Sonicate
A A 4 A 4
PBS o TSA ¢ PBS
A 4
Results
A
PCR
A

DNA extraction

Results
General

There were no problems with the osteomyelitis model, the
implants, the anaesthetic or the surgical procedure. Five
dogs were lost before the time of instrumentation surgery.
Two of them died on the third day after the first operation
for unknown causes, while the other three did not exhibit
signs of infection with a negative culture 4 weeks after
bacterial inoculation. All these five animals were replaced
in the study to remain with as balanced a design as
possible. The remaining 20 animals survived without any
signs of systemic infection for whole postoperative
observation period. Surgical incision healed well in all
animals with no open wound infection. Initial weight loss
was noted, but was compensated by the end of observa-
tion. No signs of toxicity effects of systemic cefazolin or
gentamycin were seen in animals treated with antibiotic
drugs.

Macroscopic evaluation

No significant signs of recurrent infection such as purulent
material accumulation and bone destruction were shown in
any animals at all time intervals (Fig. 3). The implants
were totally enveloped by soft tissues, with all screws
firmly fixed when manually tested.
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Fig. 3 Retrieved spine column obtained at 12 weeks postoperatively.
Plates were totally enveloped by normal tissues. There were no signs
of recurrent infection

MRI assessment

All these animals underwent MRI examination at each time
interval to determine the presence or absence of infection
recurrence. No suggestive lesions of recurrence of pyo-
genic vertebral osteomyelitis such as bone destruction or
abscess formation were seen in any animals (Fig. 4).

Bacterial culture

The outcome of cultures is presented in Table 1. Nine of 20
(45 %) sampled animals had a positive culture. However,

Fig. 4 Postoperative MR imaging findings. Coronal and sagittal T2-
weighted spin-echo images obtained before (a, b) and after (¢, d) the
intravenous administration of gadolinium contrast agent revealed no
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the microbiological findings showed that Staphylococcus
aureus was present in only two animals. Other detected
single organisms were confirmed as Escherichia coli,
Staphylococcus haemolyticus, Streptococcus agalactiae,
and Staphylococcus aureus, rather than the strain of
Staphylococcus aureus initially innoculated.

PCR assay

Sixteen of 20 (80 %) samples were positive as shown by
PCR. The results indicated that the use of PCR methods as
opposed to culture methods significantly increases the level
of detection of bacteria. The sensitivity of bacteria detec-
tion by PCR methods was significantly higher than that by
bacterial culture (;(2 = 5.227, P < 0.05). There was one
culture-positive, PCR-negative sample and eight culture-
negative, PCR-positive samples, respectively (Table 1).

Discussion

This study is the first animal experiment to detect bacterial
infection of retrieved spinal implants and surrounding
bones following an anterior debridement and instrumented
fusion surgery. Our study confirms the hypothesis that
bacteria exist at the site of instrumentation after debride-
ment and perioperative antibiotic administration for pyo-
genic vertebral osteomyelitis. Bacteria were detected from
retrieved spinal implants as well as surrounding bones by
bacterial culture and/or pyrosequencing methods in 17

vertebral osteomyelitis development or abscess formation, nor other
signs of recurrent infection
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Table 1 Bacteria detected by culture or PCR from tissue or implants

Euthanization time Sample no. Bacteria isolated Bacteria isolated at euthanization 16S rRNA gene
(post-surgery) during surgery Tissue Implant Tissue Implant
4w 1 S. aureus N N N P
2 S. aureus N N N P
3 S. aureus N N N N
4 S. aureus E. coli E. coli N P
5 S. aureus N N N P
8w 6 S. aureus N N P N
7 S. aureus N E. coli N P
8 S. aureus N E. coli N P
9 S. aureus S. aureus S. aureus P P
10 S. aureus S. haemolyticus N N P
12w 11 S. aureus N S. haemolyticus P P
12 S. aureus N N P N
13 S. aureus N N N N
14 S. aureus N E. coli N N
15 S. aureus N N N P
24w 16 S. aureus N N N N
17 S. aureus N S. agalactiae, S. aureus N P
18 S. aureus N N N P
19 S. aureus N N N P
20 S. aureus N S. haemolyticus P P

E. coli, Escherichia coli; S. haemolyticus, Staphylococcus haemolyticus; S. agalactiae, Streptococcus agalactiae; S. aureus, Staphylococcus

aureus; P, positive; N, negative

(85 %) of all 20 animals. The positive rate for bacteria
presence was 45 % by culture and 80 % by pyrosequencing
method, respectively.

In this study, ultrasonication technique, which has been
proved effective for disrupting the biofilm and dislodging
bacteria from implants [29, 33, 34], was used to detect bac-
teria. In a study of 78 patients with aseptic failure and/or
infection of prosthetic hip or knee infection [31], sonicate
fluid and tissue cultures from removed implants were com-
pared for microorganism detection. The sensitivities of soni-
cate fluid and periprosthetic tissue cultures were 75 and 54 %,
respectively, whereas the specificities of the same specimens
were 87 and 98 %, respectively. Also, direct inoculation of
sonicates without using of broth enrichments might have
prevented potential contamination as far as possible during
the sampling procedure [33]. There was one culture-positive,
PCR-negative sample and eight culture-negative, PCR-posi-
tive samples, respectively, showing much higher sensitivity of
PCR assay based on the 16S rRNA gene amplification than of
bacterial culture. However, further studies are necessary for
the clinical implication of PCR-positive results [35].

Since most clinical series have identified S. aureus as the
most frequent causative organism for pyogenic vertebral
osteomyelitis [18, 21, 24], S. aureus was adopted in this

study for developing the animal model of spinal infection.
Two cases of infection by S. aureus were observed among
nine culture-positive results. This finding is in line with the
results from the study of Shad et al. [26].They found that the
bacteria attached to the retrieved plates were not the same
organisms with the primary infection in four of these five
cases. Concerning the pathogenesis of these bacterial
infections following instrumentation, one of the possible
sources may be the haematogenous spread from an endog-
enous or cutaneous focus. Also, bacterial contamination
during surgery may leave microorganisms at the surgical site
and subsequently develop to a clinically relevant infection.

Despite the positive findings from the majority of exper-
iment animals, the present study demonstrated no radiolog-
ical or macroscopic signs for infection recurrence in any
animal regardless of bacteria presence at the surgical site.
The possible explanation for such subclinical infection status
may be that microorganisms identified are most likely to be
opportunists and lowly virulent strains. Whether infection
recurs or not will eventually rely upon interaction between
microorganisms, the implant and the host [36-38]. Weak-
ening of the body defenses at the implant surface—tissue
interface will facilitate the establishment of an infection
around the implant. In this study, antibiotic administration
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based upon results of the preliminary study regarding the
antibiotic sensitivities of the causative organism may have
effectively prevented infection recurrence. Additionally, the
titanium implant we used has shown the ideal biocompati-
bility [39, 40]. In a perspective we may expect that the use of
new biomaterial could lead to a better outcome for the
treatment of spinal infection.

Choice of anterior instrumentation for the treatment of
pyogenic vertebral osteomyelitis is much like the strategy for
the treatment of an infected hip or knee arthroplasty. In
clinical settings, patients with early postoperative and acute
haematogenous prosthetic joint infection are commonly
treated with open debridement and prosthetic retention.
However, the prostheses are not always salvaged success-
fully with the retention rate varying widely [41-43]. Pros-
thesis removal and replacement is sometimes inevitable
option to definitively eradicate severe infections. In contrast,
reports on the use of anterior instrumentation in the treatment
of pyogenic vertebral osteomyelitis have showed great suc-
cess. Such success may be attributable, to a great extent, to
the ample blood supply to the vertebral bodies and adequate
soft tissue coverage of the anterior spine compared with
articular joints. Thus, although bacteria can be found around
the implant at the surgical site, we do not recommend
removal of implants that was placed in the infected region.

Conclusion

This study confirms the hypothesis that bacteria exist at the
surgical site of instrumentation after debridement and
perioperative antibiotic administration for pyogenic verte-
bral osteomyelitis. Bacteria were detected from retrieved
spinal implants as well as surrounding bone by bacterial
culture and/or pyrosequencing methods in the majority of
animals. However, organisms were not identical with the
causative bacterium for spinal infection. Radiological or
macroscopic examination showed no signs for infection
recurrence in any animal regardless of bacteria presence.
The use of metallic implants in an infected area of the spine
is safe. The metallic implants may not be the “culprit” for
the persistence or recurrence of infection.
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