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Abstract

Background Postoperative spine infections cause con-
siderable morbidity. Patients are subjected to long-term
antibiotic regimens and may require further surgery.
Delivery of electric current through instrumentation can
detach biofilm, allowing better antibiotic penetration and
assisting in eradicating infection.

Question/purposes We asked (1) whether -capacitive
coupling treatment in combination with a single dose of
antibiotics would reduce infection rates when compared
with antibiotics alone in a rabbit spine infection model,
(2) whether it would decrease the overall bacterial burden,
and (3) whether there was a time-dependent response based
on days treated with capacitive coupling.

Methods Thirty rabbits were subjected to a well-established
spine infection model with a single dose of intravenously
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administered systemic ceftriaxone (20 mg/kg of body weight)
prophylaxis. Two noncontiguous rods were implanted inside
dead space defects at L3 and L6 challenged with 10°
colony-forming units of Staphylococcus aureus. Rabbits
were randomly treated with a capacitive coupling or con-
trol device. Instrumentation and soft tissue bacterial growth
were assessed after 7 days.

Results  Sites treated with capacitive coupling showed a
decrease in the incidence of positive culture: 36% versus
81% in the control group. We observed no difference in the
soft tissue’s infectious burden. Overall bacterial load was
not decreased with capacitive coupling.

Conclusions Capacitive coupling in conjunction with
antibiotics reduced the instrumentation-related infection
rate compared with antibiotics alone.

Clinical Relevance Capacitive coupling noninvasively
delivers an alternating current that may detach biofilm from
instrumentation. Treatment of infection may be successful
without removal of instrumentation, allowing for improved
stability and overall decreased morbidity.

Introduction

Postoperative infection is the most common adverse event
in orthopaedics. Postoperative antibiotic use reportedly
decreases postoperative spine wound infections to a rate
between 1% and 5% in healthy patients undergoing elective
spine surgery [23]. In trauma patients, however, infection
rates remain elevated and reportedly range from 6% to 10%
[19, 22]. Surgical site infections have major implications for
patients, their families, and, because of associated health-
care costs, society as a whole. The adverse events range
from simple superficial infections to deep subfascial
infections that involve implanted instrumentation. Patients
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have to endure long-term antibiotics and may be subject to
revision surgery with removal of instrumentation [17].
Infection also negatively affects fusion beds and can
decrease spine stability [29]. Average length of hospital
stay and mortality risks are doubled in the setting of surgical
site infection [16]. The costs of treating a single patient’s
spine infection may reach $1,000,000 for all the healthcare
providers involved [2, 11, 17]. In addition to decreased
procedural reimbursement, new Medicare policies plan to
withhold payment for the treatment of orthopaedic com-
plications that result from infection [8].

The presence of instrumentation can make initial bac-
terial colonization difficult to eradicate. After colonizing an
implanted device, bacteria form a layer of glycocalyx, or
biofilm. This layer assists in changing the phenotypic
properties of the organism and decreases the efficacy of
antibiotics [14]. The self-produced layer of extracellular
matrices, DNA, and polysaccharides attaches to inert
material, preventing phagocytic action. Microorganisms
can then proliferate. Ongoing infection can cause local
damage and even lead to loosening of previously well-fixed
instrumentation [28]. In selective circumstances, surgical
removal of the implants may be necessary for treatment of
the infection. Thus, innovative treatments are necessary in
the face of modern-day challenges to treat postoperative
spine infections.

Capacitive coupling technology is a means of delivering
an alternating current in an egg-shaped electric field.
Capacitive coupling and pulsed electromagnetic fields
noninvasively deliver indirect current, potentially provid-
ing the same bioelectric benefits. A pulsed electromagnetic
field induces a magnetic field placed outside the body and
indirectly sustains a low current through the instrumenta-
tion that is placed in vivo. Substantial evidence indicates
that pulsed electromagnetic fields assist in the treatment of
long bone nonunions, and they have been used in clinical
trials for decades [9, 18]. Electromagnetic fields also show
promise in animal spine fusion models [10, 15]. Capacitive
coupling also enhances both spinal fusion and long bone
union through its alternating current generator [1, 24]. It
upregulates osteoinductive factors such as bone morpho-
genetic protein 2 and bone morphogenetic protein 7 and
activation of calmodulin with increased transmembrane
calcium uptake [12].

The concept of using electricity as a means of treating
infection has been described as the bioelectric effect [7].
When applied to instrumentation in vitro, small electric
currents are able to detach biofilm [5, 6]. As a result, the
bacteria are rendered more susceptible to antibiotics. In
addition, electricity treatments can upregulate growth fac-
tors such as transforming growth factor beta, fibroblast
growth factor 2, and vascular endothelial growth factor,
which augment the immune response [7]. Electricity also

has the ability to cause capillary extravasation, resulting in
an increased influx of local immunomodulators [13].

We asked (1) whether capacitive coupling treatment in
combination with a single dose of antibiotics would reduce
infection rates when compared with antibiotics alone in a
rabbit spine infection model, (2) whether it would decrease
the overall bacterial burden, and (3) whether there was a
time-dependent response based on days treated with
capacitive coupling.

Materials and Methods

Thirty New Zealand White (NZW) rabbits with an average
weight of 3.5 kg (weight range, 3.3-3.8 kg) were included
in the study. Twenty NZW rabbits were randomly allocated
to the capacitive coupling treatment group and 10 to the
control group. The control group rabbits were fitted with
matching capacitive coupling devices that were turned off.
Each rabbit was challenged with 10° colony-forming units
(CFU) of Staphylococcus aureus (ATCC 25923, sensitive
to ceftriaxone) at L3 and L6 during surgery. Seven days
after surgery, tissues were sampled using standard quanti-
fication techniques [3]. Only female rabbits were used,
because they have a history of being more docile and less
territorial. All rabbits went through 2 weeks of acclimation
before surgery. The investigation was performed under
the approval of the Institutional Animal Care and Use
Committee (IACUC).

Our spine model consistently produces an 80% infection
rate [26]. Presuming a 40% reduction of infection, a power
analysis suggested that 20 was the minimum number of
animals needed for the experimental group. We used
SigmaStat (Version 2.03; Aspire Software International,
Ashburn, VA, USA) for a power of 80% and a p value of 0.05.

Each rabbit was acclimated to a custom-fitted mesh jacket
(Lomir Biomedical Inc, Malone, NY, USA) that would hold
the capacitive coupling device. All rabbits wore this jacket
for 1 week before surgery. Jackets were reapplied after
surgery in addition to the capacitive coupling electrodes.

The experimental device (SpinalPak II Spine Fusion
Stimulator; Biomet, Warsaw, IN, USA) was applied
immediately postoperatively with two electrodes placed 3
inches apart on shaved rabbit skin cephalad and caudal to
the incisions (Fig. 1). Both the L3 and L6 sites were sub-
ject to the egg-shaped field produced by the capacitive
coupling device. The maximal sinusoidal current was
14 mA with an average current of 6 mA. Rabbits in the
capacitive coupling group received treatment continuously
during the next 7 days, whereas rabbits in the control group
wore the device but with no battery. A test meter measured
the amps, volts, and days applied. The values were recorded
every other day for each experimental animal. Electrodes
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and leads were replaced as necessary. Because rabbits would
occasionally remove their own leads, not all rabbits received
the same treatment dose. The differences were measured
with the test meter. The difference in volts received was
based on the amount of time the capacitive coupling device
remained in contact with the rabbit. We assessed the data for
a correlation between the amount of electricity received
(amps, volts, and days of treatment) and the bacterial burden
present when the rabbits were euthanized.

The NZW rabbit infection model with multiple surgical
sites mimics posterior spinal surgery with instrumentation
and is based on a previously described protocol [21, 26]. The
creation of two implantation sites on each animal minimized
the total number of animals used in the investigation.

On the day before surgery, a suspension of S aureus
colonies in 5 mL trypticase soy broth was incubated at
37°C overnight for 16 hours. After the culture was centri-
fuged at 4000 revolutions per minute for 10 minutes, the
supernatant was decanted and the pellet was diluted with
5 mL sterile saline. After repeat centrifuge, the washing
process was repeated to ensure a stable nonmultiplying
supply of microorganisms. Final concentrations of bacteria
were obtained with further dilutions in sterile saline. The
concentration was standardized with a densitometric turbidity
meter (LaMotte 2020e; LaMotte Company, Chestertown,
MD, USA), which correlated with CFU/100 pL plated on
trypticase soy agar plates with 10% sheep blood (Fisher
Scientific, Pittsburgh, PA, USA).

Fig. 1 This photograph shows a rabbit back before surgery. Spinous
processes of L3 and L6 are marked with electrodes cephalad and
caudad to the incisions.
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General anesthesia was induced with ketamine and
xylazine and maintained with isoflurane inhalation through
a nose cone mask for all rabbits in both groups. Ceftriaxone
(20 mg/kg of body weight) was intravenously administered
to all rabbits before surgery to mimic preoperative pro-
phylaxis. The goal of the study was to evaluate the
capacitive coupling effect with minimal dependence on
antibiotics. Rabbits were positioned prone, shaved, prep-
ped, and draped in a sterile fashion, exposing the superior
end of the sacrum to the middle of the thoracic spine. The
surgical approach was identical for both the L3 and L6
sites. Accurate anatomic incision was based on palpation of
the sacrum, the seventh lumbar spinous process, and the
sixth lumbar spinous process in succession.

A 2-cm longitudinal midline skin incision over the
spinous process was followed by a linear incision through
the fascia. The entire spinous process was removed from its
base with a small rongeur. A dead space was formed with
removal of attached muscle and fascia. Further decom-
pression was not performed considering the dura was not
exposed. A 1-cm Ti90/Al6/V4 rod (2-mm diameter, Item
TIO17905; Goodfellow Corporation, Oakdale, PA, USA)
was placed into the created envelope. Fascia was then
closed with a 3-0 Vicryl suture (Ethicon, Inc, Somerville,
NJ, USA). The site was inoculated with 10° CFU/100 puL of
S aureus with use of a sterile syringe and 27-gauge needle.
Skin was closed with a 2-0 nylon suture (Ethicon, Inc).
The procedure was repeated at the second site (Fig. 2).

Postoperative analgesia was provided based on a stan-
dard TACUC protocol, and rabbits were permitted full cage

Fig. 2 This radiograph shows instrumentation implanted in dead
space defects at L3 and L6.
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activity and nutrition ad libitum. Wound healing, body
weight, and signs of distress were monitored daily. Overall,
rabbits showed little to no signs of discomfort after surgery
and maintained their weight throughout the postoperative
period. One rabbit had a prolapsed vagina postoperatively
and was excluded from the study. The remaining 29 rabbits
completed the entire treatment protocol. In the end,
19 rabbits remained in the capacitive coupling group and
10 rabbits in the control group. None had systemic infec-
tion as determined by a lack of bacterial growth in blood
samples obtained when the rabbits were euthanized.

Seven days after surgery, the rabbits were euthanized with
administration of phenobarbital (100 mg/kg of body
weight). Arterial blood samples were obtained at that time to
ensure the rabbits were not systemically infected. Capacitive
coupling devices continued to run during culturing. One
gram each of fascia, bone, and hematoma was harvested
from the surgical site using a sterile technique. Harvested
materials were weighed and immediately homogenized
(PowerGen Model 35 Handheld Homogenizer; Fisher Scien-
tific). Implanted instrumentation was sonicated (UBATH-Y;
World Precision Instruments, Inc, Sarasota, FL, USA) in
cold saline to obtain a sensitive culture. Culture samples
were serially diluted and plated on blood agar plates. After
24-hour incubation at 37°C, final CFU count was calculated
on a per-gram basis. Severity of infection was determined
based on the serial plating techniques and was measured as
CFU. CFU counting was evaluated by an observer who was
blinded to the treatment group. Infection incidences, or
presence of bacteria, were calculated separately for fascia,
hematoma, bone, and instrumentation. The incidence of
infection was defined as a culture positive for S aureus
exclusively and independently in the fascia, bone, hema-
toma, and instrumentation [21, 26, 27].

Chi-square calculations were assessed to determine dif-
ferences in proportions of infection between the two groups.
We used a two-way analysis of variance with a post hoc
Student’s t-test to identify differences in bacterial burden
between the two groups. A nonparametric calculation with a
Spearman rho correlation coefficient was used to link the
amount of capacitive coupling treatment received (amps,
volts, days) with the bacterial burden severity.

Results

Capacitive coupling had the strongest positive treatment
effect on the instrumentation: the presence of S aureus on
the implant was reduced (p = 0.0011) with capacitive
coupling compared with control sites. We observed no
difference in the incidence of bacteria presence in the soft
tissues (Fig. 3).

ECTL cc

Percent of sites infected

Fascia Bone Hematoma

Sample type

Implant

Fig. 3 Bar graph shows percentages of surgical sites with bacterial
growth on fascia, bone, hematoma, and implants in the capacitive
coupling (CC) and control (CTL) groups. Only the implant-related
infection was statistically significant.

We observed no difference (p = 0.81) in the overall
average bacterial counts when comparing the capacitive
coupling group with the control group. In addition, we
found no difference when comparing the average counts
split among fascia, bone, hematoma, and implant (Fig. 4).

We observed a correlation between the amount of volt-days
received and the bacterial burden of the fascia (r = 0.567,
p < 0.001) and bone (r = 0.569, p < 0.001) when the rabbits
were euthanized. We did not control for this variable, and this
analysis was conducted purely retrospectively.

Discussion

Multiple interventions for prevention and treatment of
instrumentation-related infections have been investigated.
The evolution of antibiotic prophylaxis has been the single
most important advance in preventing surgical site infection
[25]. With this study, we explored the effect of electricity as
an adjunct in the treatment of instrumentation-related
infection. We found the application of a capacitive coupling
current reduced the presence of S aureus on the spinal
implant but had no effect on the soft tissue. In addition,
there was no effect on the overall bacterial burden. There
was a time-dependent response in that increased treatment
days led to decreased infectious burden.

We acknowledge limitations to our study. First, we used
nonfixed instrumentation because this was the established
model. We do not know whether fixed instrumentation
would have influenced the bioelectric effect. It is possible
that with fixed instrumentation, there is increased imped-
ance and the required voltage would be increased to
maintain a threshold current. This may or may not be at a
clinically safe level. A second limitation was that our intent
was for a full 7 days of capacitive coupling treatment and
we therefore did not control for the varying days of
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treatment. A third limitation was not using electron
microscopy to prove that the proposed mechanism of
action was indeed biofilm detachment.

The bioelectric effect has shown some promise in vivo in
other studies as well. van der Borden et al. [27] studied the
treatment of external fixation pin tract infection by using
direct electric current in a goat model. An 80% drop in
infection rate was associated with a minimal 100-pA electric
current. Del Pozo et al. [4] more recently studied the bio-
electric effect on implanted instrumentation. The authors
applied a 200-pA direct current to a rabbit tibial intramed-
ullary rod that had Staphylococcus epidermidis present.
Infection rates and overall bacterial burden decreased, even
when compared with use of an antibiotic alone. Despite the
proposed bioelectric theory of an increased local immune
response, no treatment effect was noted in the bone or fascia
in our model. The biofilm-centered theory proved dominant
because the instrumentation-related infection rate decreased
from 81% to 36%. This decrease in infection rate is even
more impressive considering the high culture sensitivity of
the sonicated instrumentation. The lack of soft tissue effect
may be secondary to its increased impedance. An increase in
the voltage applied may improve the soft tissue infection rate
considering the time-related response shown by regression
analysis.

The effect of alternating current on infection rates has
been less extensively tested in an in vivo model [20]. The
overall bacterial burden in our study was unchanged,
however. This may mean that electric current can help
sterilize the instrumentation but without a bactericidal
effect and the microorganisms return to an active state in
the soft tissue. Further studies are warranted to examine the
exact mechanism of action.

We also attempted to evaluate for a time-dependent
response of electricity. It seemed that more volt-days of
electricity led to a more predictable treatment effect. Both
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a dose-response and time-dependent bactericidal effect
have been proven in vitro [6]. Seven-day exposure to
electricity at 20, 200, and 2000 microamperes was exam-
ined by del Pozo et al. [6]. Dose-dependent and time-
dependent bactericidal activity was observed in the pres-
ence of Staphylococcus and Pseudomonas biofilms.

The use of noninvasive capacitive coupling electric cur-
rent is an enticing option as an addition to the prophylaxis of
postoperative spinal wound infection. Its effect on biofilm
has been proven in vitro and in vivo. When applied in the
setting of a rabbit spine model infected with S aureus,
capacitive coupling in combination with ceftriaxone
decreased the instrumentation-related infection rate com-
pared with ceftriaxone alone. A time-dependent response
was noticed, but there was no effect on the soft tissue
infection rate or on the overall bacterial burden. Reversing
the protection that biofilms presumably confer to the
microorganisms, capacitive coupling may effectively render
the bacteria more susceptible to intravenously administered
antibiotics. Future considerations include testing the bio-
electric theory with different modes of electric current such
as direct current.
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