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Abstract
Background—The concept of modulating spinal growth to correct scoliosis is intriguing, and this
study proposes a new model. Inhibition of vertebral growth on the convex side of a curve would
allow continued normal growth on the concave side to correct the scoliosis. In a previous study, we
induced bony bridges across the physis of the femur producing an epiphysiodesis in rabbits by using
a stimulator modified to deliver a current of 50 μA. The present study builds on this finding to design
a model with an aim of inhibiting growth in a unilateral peripheral portion of the vertebral endplate
physis, which induces asymmetric spinal growth.

Methods—The study was conducted with 8-week-old rabbits; six were treated with electrical
current via an implantable 4-lead device; three were age matched normal rabbits. The device was
implanted and delivered a constant current of 50 μA from each electrode, continuously for 6 weeks.
Weekly radiograph monitoring and endpoint histology were performed.

Results—Spinal growth was modified by inducing asymmetric growth of the vertebra of young
rabbits using electric stimulators delivering 50 μA of direct current through electrodes implanted in
a left peripheral portion of the endplate physis.

Conclusion—This concept study, based on our previous study, involved a method and device for
inhibiting growth in one aspect of the vertebral endplate using electrical current at an amplitude that
induced a hemiepiphysiodesis. Our results demonstrated that this technique both establishes an in
vivo model of scoliosis and suggests that if this technique were applied to an existing curve it could
potentially induce asymmetrical growth of the spine, thereby correcting scoliosis by continuing the
normal growth on the concavity of the curve.

Clinical Relevance—A potential new method for modulating spinal growth was developed, and,
with further research, this method may be useful in treating children with scoliosis by delivering a
growth-inhibiting current to the physeal areas of vertebra through electrodes placed percutaneously.
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Introduction
Scoliosis is a lateral curvature of the spine and is a common condition in children that may
progress to severe curves. Currently, orthoses are used often in children with progressive curves
between 25 to 40 degrees with the aim of inhibiting curve progression; however, orthotic
efficacy is questionable, and some curves progress in spite of the bracing. In severe curves
with magnitudes over about 50 degrees, spinal fusion may be used to reduce the magnitude
and stabilize the curves. Both orthoses and spinal fusion have many unappealing aspects, and,
therefore, an alternative method is needed for correcting the curvature of the spine in children
with scoliosis.

Modulation of spinal growth is a possible alternative treatment method in which spinal growth
is altered to allow curve correction. Modulation of spinal growth involves limiting the
anterolateral growth of the vertebrae at the apex of a curve so that remaining contralateral
growth in the concavity corrects the scoliosis. Treatment strategies for spinal modulation
include using staples, tethers, or mechanical disruption of vertebral growth.1-11 These
techniques require operative procedures with some inherent risk, which led us to consider
alternative methods for consistent and reliable modulation of spinal growth.

There are case examples of children with localized physeal growth inhibition from noxious
energy sources such as radiation, frostbite, or freezing. Radiation therapy has been used in
children to treat malignancies near the spine such as in Wilms tumor and neuroblastoma. When
the therapeutic radiation was applied asymmetrically to the spine in young children, scoliosis
developed as the vertebral bodies became wedge shaped from peripheral-lateral growth
inhibition.12-14 Radiation therapy is obviously too risky to consider as a treatment method for
scoliosis. Also, frostbite of the extremities in children sometimes causes asymmetric growth
inhibition resulting in angular deformities. Repetitive freezing of the vertebral endplate physis
at a lateral/peripheral area in rabbits was tested in our laboratory; however, the degree of
modulation of spinal growth was inconsistent. Recently in our laboratory, a current of 50 μA
was shown to produce consistently reliable growth inhibition compared with 20 μA, and at the
higher current there was an induction of bone bridges in the physis of rabbit femurs.15 The
technology uses a power source and one electrode or a series of electrodes for applying a current
sufficient to reduce or stop the physeal growth of a bone. Asymmetric physeal growth inhibition
developed when the current was applied through electrodes that were placed in only a peripheral
region of the physis.

The aim of this study was to determine if asymmetric growth inhibition of the vertebral endplate
could be generated with electrical current in an animal establishing a new model for spinal
growth modulation. This study is one of the sequential steps in developing a treatment to correct
progressive curves in children with mild adolescent idiopathic scoliosis by placing
percutaneous electrodes that deliver a very small current into selected areas of the vertebral
endplate to produce controlled growth modulation in the spine.

Materials and Methods
Animal model and device

The study was conducted adhering to an Institutional Animal Care and Use Committee-
approved protocol. This study was designed to implant an electrode into one half of the growth
plate of the rabbit spine with the outcome being to unilaterally affect the growth of the vertebral
body, hence creating a model of scoliosis. The study was conducted using 8-week-old
(skeletally immature) female New Zealand white rabbits; six were treated with electrical
current via an implantable 4-lead device and three rabbits were age matched normal animals.
The rabbits are considered as “adolescence” and in an active growth phase for the duration of
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the study. In this study these were chosen as control over animals with lower or no current
since this had been done in a previous study showing no marked effect on growth. 15 The 4-
lead device was implanted in the 6 immature animals delivering a constant of 50 μA from each
electrode, and the current was delivered continuously for 6 weeks.

The constant current delivery system consisted of an implantable generator, which housed the
battery and electronics and served as the anode, connected via an insulated lead to a thin
titanium cathode. It was similar to the electrical bone growth stimulator that is currently
available for clinical use (Osteogen, EBI, Parsippany, NJ). The electrical stimulator delivered
a constant current of 50 μA (2.2 -2.4 volts) during the 6 weeks. The amplitude of delivered
current was confirmed by a specially designed tester that monitored a telemetry signal from
the stimulator proportional to the in vivo current. The electrical stimulator was tested at the
time of implantation and was reconfirmed when the animals were euthanized to ensure
accuracy of the delivered current.

Surgical technique and postoperative care
After a pre-anesthetic injection of xylazine (4 mg/kg IM) followed 10 minutes later with
ketamine (50 mg/kg IM), the electrical stimulation device was implanted. The implantation of
the electrodes was performed with the animals under anesthesia, and surgery was typically
completed within 40 minutes. With the use of aseptic technique, an oblique skin incision was
made on the left side of the back from just below the 12th rib to the L4 vertebral level. The
back muscles were dissected back and retracted laterally and one electrode was inserted into
the caudad physeal endplate of the L1, two in L2 (cephlad and caudal), and one in the L3
cephlad endplate (for a total of four electrodes). The electrodes were inserted in the following
manner: under image intensifier control, a fine needle (24G) was directed from laterally to
medially for a depth of 10 mm into the left aspect of 4 vertebral endplates, and the needle was
withdrawn to create a “needle tract” hole. Then, a fine wire electrode was placed tightly into
the “needle tract” hole of the vertebral bodies. Radiography confirmed the position of the
electrodes during and at the end of the surgical procedure. The electrode leads and power source
were sutured in place in adjacent subcutaneous tissue, and the wound was closed with
absorbable sutures and dressed with sterile iodine. After surgery, the rabbits were housed in
an approved animal facility, where all animals were given identical diet and water supplies.
On the 6th week, the animals were euthanized using a commercial veterinary euthanasia
product (Sleepaway®, 0.4 ml/lb IM; Ft. Dodge Laboratories, Inc., Ft. Dodge, Iowa).

The electrical stimulation packs were modified Osteogen devices typically used for enhancing
spine fusions (provided by EBI, L.P., Parsippany, NJ). The modification consisted of increasing
the current delivered to each electrode to 50 μA.

Radiographic assessments
Standard spine anteroposterior (AP), oblique, and lateral radiographs were taken every week
after the operation for the evaluation of the process of hemiepiphysiodesis. Radiographs were
taken while rabbits were under anesthesia, held only by their front legs permitting free
movement of their trunk and lower extremities. The three normal age matched rabbits who did
not receive surgery were also analyzed. Measurements of vertebral height of both sides of the
vertebral body from D12 to L4 and Cobb angle between L1 and L3 were made on AP
radiographs. By 6 weeks after surgery, final anterior/posterior radiographs of the spine were
made. The animal was euthanized, and the spines were removed and prepared for
decalcification and H&E histology. After euthanizing the animals, the spines were extracted
and cleared of ligaments or muscles. Radiographs were taken before and after dissection.
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Histologic analysis
All specimens were fixed in formalin (10% neutral buffered formalin), and decalcification was
performed with ethylenediaminetetraacetic acid (EDTA) using the following solution: 37.22
g of EDTA was dissolved in 1 L of distilled water, then 70 ml of a concentrate of hydrochloric
acid (HCl) was added. Histological sections of 4 micron in an anterior to posterior sagittal
direction of the vertebral segments were stained with H&E, Alcian blue, and Safranin-O
(shown).

To reduce the variance in histological sections, similar regions of the growth plate from both
the medial and lateral undulated ridges were evaluated. We studied the narrowing of the growth
plate and its possible closure, bony bridges, and the regular or irregular cellular arrangement
of various layers in the growth plate.

Results
The purpose of this study was to test if the growth of the spine could be altered in a unilateral
manner by placing electrodes in four epiphyseal plates of three vertebral bodies (one in L1,
two L2, one in L3). In the animals with the electrical current, there was consistent evidence
from the radiographs that the growth of the spine was affected by the unilateral treatment. After
the 50 μA current in four vertebral endplates as early as 3 weeks, it was obvious that the spine
was curving toward the side where the current was delivered (concave on current side). In the
three age matched normal rabbits, the spine remained straight during the 6-week period (Fig.
1). The radiographs were digitized, and the height of the vertebral bodies was measured (Table
1). The differences between right and left were determined and mean percent of height
discrepancy was determined for each group. The discrepancy of both side vertebral heights in
the operated vertebrae (L1, L2, L3) was significantly more than the discrepancy in the non-
operated vertebrae (D12, L4). Given the data represents the mean of the group and the variation
is apparent in the groups and regardless of if there was one or two electrodes. Even though the
sample size was small, some measurements were significant (p ≤ 0.05), and, in total, the data
showed that the growth was consistently less in the operated side in all animals. The mean
angular deformity measured by Cobb angle between L1 to L3 at 6 weeks was 8.4 ± 1.42 degrees
(ranged from 6.9 to10 degrees), which was significantly different from the age matched normal
rabbits (p ≤ 0.05) (Table 2). By histology, it is clear that the treated growth plate is markedly
more narrow with less of the typical organization (Fig. 2). More hypertrophic-appearing cells
are present. The H&E stained sections shown are representative micrographs of the control
and treated growth plate after 6 weeks with 50 μA. There is a noticeable decrease in the height
of the growth plate as is evident in the micrographs (Fig 2). At the 50 mA it is quite clear that
the current induced a reduction of endplate height in the region of the electrode and the image
also shows a high degree of cellular disorganization and cell clustering or cloning. Note the
images of low and high power are of the same magnification for normal rabbit vertebra and
for that rabbit treated with for 50 μA.

Discussion
Severe scoliosis in children generally requires a spinal fusion to correct and control progression
of the curves. Recently, fusionless treatment methods are being attempted with the aims of
correcting or controlling the scoliosis. Dickson proposed that the etiology and progression of
idiopathic scoliosis involved an imbalance of sagittal alignment.16,17 Thoracic hypokyphosis
or asymmetric anterior spinal overgrowth results in spinal rotation, which creates the three-
dimensional deformity in scoliosis.18,19 Modulation of spinal growth involves limiting the
anterolateral growth of the vertebrae or disc at the apex of a curve so that remaining
contralateral growth in the concavity corrects the scoliosis. Currently, treatment strategies for
spinal modulation that restrict anterior spinal growth include the use of staples, tethers, or
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mechanical disruption of vertebral growth.1-11 In our laboratory, we have been exploring new
approaches and methods for spinal growth modulation, which could be applied percutaneously
and would cause controlled physeal growth inhibition of the vertebral body with resultant
wedging and yet preserve disc function.

There are case examples of children with localized physeal growth inhibition from noxious
energy sources such as radiation, frostbite, or freezing.12-14 The effect of electrical current on
formation of bone has been studied extensively; however, there are little data concerning the
effect of current on inhibition of cartilage growth. Direct current (DC) bone growth stimulators
have been used for at least 30 years to stimulate bone formation in spine fusions, fractures, and
pseudarthrosis.20-22 Direct current stimulators enhance bone formation in the vicinity of the
electronegative cathode, which is placed in a bone graft to induce a fusion mass, at the fracture
site to enhance callus, or in a nonunion to stimulate healing.23 The optimal current range for
DC stimulators to induce new bone formation is 10 to 50 μA depending on cathode length and
material and anatomical placement site.24-26 There has been no reported change in the growth
plate of children when DC electrical current of 20 μA is applied for the purposes of fracture
healing or bone fusion.27-29 Various studies have shown different effects on the electrical
stimulation of the physis (stimulation of growth).26,30 Interestingly, one potential mechanism
for the effect of direct current on bone is the up-regulation of osteoinductive growth factors.
31 In our laboratory, we demonstrated in a previous study that a current of 50 μA, but not the
clinically used 20 μA or a control device without current., would cause an inhibition of growth,
i.e., an epiphysiodesis of the distal femoral physis in rabbits,15 and, as shown in the present
study, a hemiepiphysiodesis can be induced by applying the electrical current asymmetrically
in the distal femoral physis of rabbits. To be translationally relevant as possible the rationale
for using the electrode device included the fact that titanium electrodes pass higher currents
than do stainless steel without causing tissue necrosis, and that this cathode material and similar
device (20 μA) is currently a FDA-approved implantable device. We built on our previous
experiments demonstrating use of a higher current (higher than that which promotes bone
formation) and explored the effect of 50 μA direct current to one side of the vertebral body.
Evaluation was made over 6 weeks, and the results were a unilateral alteration in the
longitudinal rate of growth. The inhibition of growth in the area of the endplate with the
electrode is apparent in a reduction of vertebral body height.

While the study demonstrated the effect expected, further confirmation of our findings needs
to come from elucidation of the biological mechanisms in which this level of electrical current
modulates spinal growth. We did achieve vertebral growth modulation in the rabbits, and we
did not observe disc changes. Using this model, our study supports our premise that electrical
current can affect the growth of the vertebral endplates and result in a curvature. The study
supports our hypothesis that this method could be used to limit growth in the convexity of an
existing curve thereby limiting the progression of the curve and potentially correct the scoliosis
in growing individuals. A test of this in a child-relevant sized animal model is under way.

In summary, this concept study involved a method and device for inhibiting growth in the distal
femoral physis of rabbits by using electrical current at an amplitude that induced epiphysiodesis
or hemiepiphysiodesis. Since the technology uses a power source and one electrode or a series
of electrodes for applying a current sufficient to reduce or stop the growth of a bone to selected
regions of the bone, it has the potential to be delivered percutaneously in appropriate spinal
locations. This modulation if applied to vertebral growth would result in controlled wedging
of the vertebral body on the convexity a curve to correct scoliosis without limiting disc mobility.
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Figure 1.
Two representative cases showing radiographic changes in the untreated normal (A) and treated
(B, C, D, E) rabbit spines. AP radiographs are shown of the vertebral after 1 week (B, D) and
6 weeks (C, E) of continuous electrical stimulation at 50μA. The position of the electrodes in
the vertebral endplates are also shown. Note the characteristic curve that developed away from
the aspect of the vertebrae where the electrodes are placed.
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Figure 2.
Narrowing of vertebral endplates after electrical stimulation. Sections are representative of all
animals. Sections were stained with Safranin-O. Shown are sections of control untreated
vertebrae (A, B) and sections from animals those treated with continuous current at 50 μA for
six-weeks (C, D). To demonstrate the height differences and organizational irregularity in
growth plate, low (10×) (A, C) and higher magnification (20×) images are shown (B, D). Scale
bars = 100 Micron.
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