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Abstract BACKGROUND CONTEXT: Posterolateral fusion (PLF) with autogenous iliac bone graft is one
of the most common surgical procedures for lumbar spinal disease. However, its limited success
demands new biologically competent graft enhancers or substitutes. Although the use of direct cur-
rent (DC) electrical stimulation has been shown to increase rate of successful spinal fusions, little
is known about the effect of the type of current in DC stimulation.

PURPOSE: To evaluate the effects of various DC stimulators on the strength and success rate of
posterolateral fusion facilitated by using a nitinol mesh container, in rats.

STUDY DESIGN: This was an experimental animal study.

METHODS: A conductive, tubular nitinol mesh container was used to carry small pieces of bone
grafts. The nitinol mesh container received electrical stimulation via a lead that connected the con-
tainer to different types of DC stimulators. Sixty male Sprague-Dawley rats were divided into three
groups (N=20 in each): a control group that underwent PLF with a nitinol container filled with auto-
graft, a constant DC group that received a nitinol container and constant DC (100 ptA), and a pulsed
DC group that received a nitinol container and pulsed DC (100 pA, 100 Hz, 200 ps). The rats
underwent PLF between L4 and L5, and transverse processes were grafted with bilateral iliac
grafts. A stimulator was implanted subcutaneously. The rats were sacrificed 8 weeks postsurgery,
and lumbar spines were removed. Spinal fusion was evaluated by microcomputed tomography,
manual testing, biomechanical testing, histologic examination, and molecular analysis.

RESULTS: All animals in the DC stimulation groups displayed solid fusion, whereas only 70% of
control animals showed solid fusion. Radiographic images, biomechanical testing, histologic exam-
ination, and molecular analysis revealed improved fusion in the order control group<constant DC
group<pulsed DC group. The volume of new bone mass was significantly higher in the pulsed DC
group (p<.05). Fusion was more solid in the pulsed DC group than in control group (p<.05). The
pulsed DC group displayed the lowest inflammatory responses.

CONCLUSIONS: Pulsed DC electrical stimulation is efficacious in improving both strength and fusion
rate in a rat spinal fusion model. In addition, tubular nitinol mesh, made of conductive suture, appears
useful for holding small pieces of bone grafts and maintaining a good environment for bone fusion.
CLINICAL RELEVANCE: Pulsed DC electrical stimulation may be potentially useful to
increase the fusion rate after spinal fusion in humans. Future research is required to evaluate
the safety and efficacy of tubular nitinol mesh and pulsed DC electrical stimulation in
humans. © 2018 Elsevier Inc. All rights reserved.
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Introduction and we applied DC electrical stimulation in a rat PLF model.

Posterolateral fusion (PLF) surgery is the most common
procedure for treating various spinal diseases [ | —4]. The aim
of PLF is to eliminate pain arising from instability of a
motion segment or to prevent progression of deformity in
patients with spinal instability or deformity, or degenerative
lumbar spine disease. Autogenous bone grafting has been
considered the gold standard for this purpose because autoge-
nous bone grafts have osteoinductive, osteoconductive, and
osteogenic properties [5]. However, there are several proce-
dure-related complications associated with autografting,
such as donor site pain, infection, and hematoma [6]. In addi-
tion, autografting cannot be used in certain cases, such as in
(elderly) patients with poor bone quality, osteoporosis, or
malignancy, or in case of a previously extracted donor site
[7]. Although the application of pedicle screw fixation has
improved the fusion rates, pseudoarthrosis occurs in nearly
40% of cases and reportedly causes persistent or recurrent
pain and disability [8—10]. Therefore, for several decades,
researchers have explored ways to enhance the fusion envi-
ronment by mechanical or biological means [11—15]. How-
ever, such methods come with additional risks, and they
have not completely eliminated pseudoarthrosis [16].

An alternative method to enhance the fusion environment
is to apply direct current (DC) electrical stimulation. Electri-
cal stimulation, which has been widely studied for its effect
on bone healing, has an established role in the treatment of
long-bone nonunions [17]. The clinical efficacy of electrical
stimulation for spinal fusion was first reported by Dwyer
et al. [18] in 1974. Several clinical studies showed that DC
electrical stimulation enhances fusion success rates, particu-
larly in “difficult to fuse” populations [19,20]. Meril reported
the use of adjunctive DC stimulation of allograft bone in
lumbar interbody fusions [21]. The DC-stimulated group had
an overall success rate of 93%, compared with 75% in the
nonstimulated group. Although DC electrical stimulation of
spinal fusion has proven to be effective for increasing the
fusion rates in “high-risk” patients, little information is avail-
able on the effect of the type of current used. The mainte-
nance of a good healing environment for the maturation of
bone fusion is important to increase the rate of spinal fusion.
Prevention of soft-tissue interposition, easy migration of
osteogenic cells, vascularization to the fusion mass core, and
mechanical stress are important physiological factors that
facilitate bone fusion [22]. The use of a protective graft con-
tainer made of polylactide sheath has been demonstrated to
enhance the fusion mass volume in a rabbit spinal fusion
model [23]. Because of the undulating space between trans-
verse processes, a flexible container that can be fixed closely
to the transverse processes in PLF is preferred [24—26].
With the aim to enhance bone fusion, we used a flexible
bone container made of a conductive tubular nitinol mesh
that met the above-mentioned physiological requirements

To assess the effect of the type of stimulation, we assembled
two different types of DC stimulators. In addition, we inves-
tigated the biocompatibility of nitinol mesh container and
varied DC stimulation during osteogenesis.

Materials and methods

Fabrication of nitinol mesh and electrical stimulators

Nitinol mesh (S&G Biotech, Seoul, Korea) (Fig. 1A), a
flexible nickel-titanium alloy stent that is typically used in
heart surgery, was used to transmit electrical stimulation and
to collect bone chips. Regular quadrilaterals of 15 mm? were
used in vitro, whereas cylindrical tubes of 15 mm in length
and 6 mm in diameter and with a mesh size of 2 mm were
used in vivo. The mesh size of the nitinol container was suffi-
ciently large to allow cells to pass freely and thus allow good
blood vessel growth, while preventing the interposition of
soft tissue between bone grafts. Sources of electric current
were LM334 (Texas Instruments, Dallas, TX, USA) and a
lithium battery (CR2032 and CR2430; Energizer, St. Louis,
MO, USA), which were used as power supplies (Fig. 1A).
Two types of stimulators using DC electronic circuits pro-
vided a constant (100 ©A) or pulsed (100 nA, 100 Hz, 200
us) DC to the nitinol mesh (Fig. 1B). Brighton et al. [27]
observed the highest fusion rate at a current of 100 uA in
rats. In our preliminary study, 100 A and 100 Hz showed
the best results in vitro, and therefore, we used this current in
this study. The stimulators were designed by Cybermedic
(Iksan, Korea). Both the constant and the pulsed DC stimula-
tor generated a mean voltage of 3V. The stimulators were
coated with medical-grade silicone (NuSil, Carpinteria, CA,
USA) to prevent the internal environment in vivo from get-
ting exposed to electrical output and chemical byproducts
created by the stimulator (Table 1).

Culture of human mesenchymal stem cell-like cells on
nitinol mesh

To confirm the osteogenic effect of varied DC stimulation,
and in vitro experiment was designed. Human mesenchymal
stem cell-like cells (hMSC-LCs) were obtained from adipose
tissue. h(MSC-LCs were cultured in a 75 cm? flask containing
MesenPro-RSTM basal medium (Thermo Fisher Scientific,
Waltham, MA, USA), 2% growth supplement, and 2 mM L-
glutamine (Thermo Fisher Scientific) at 37°C in a humid
atmosphere with 5% CO,. The medium was changed every 3
days, and subcultures were typically performed every
14 days. A Nitinol mesh was fixed to a Gosselin Petri dish
(Gosselin, Corning, NY, USA) with four open compartments,
which enables electron flow, and was then connected to the
cathode and anode of either one of the DC stimulators
(Fig. 2). The electrical stimulator delivered either constant
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Fig. 1. A. Nitinol mesh and two electrical stimulators (left: bottom, right: top). B. Circuit diagram of electrical stimulator. Power button exists and status can
be checked by LED lamp. C (capacitor) R (resister), V (voltage), SW (switch), PB (push button), GND (ground), VCC (supply voltage), SCK (serial clock),
CR2032 (lithium battery), CR1 (LED lamp), LM334 (terminal adjustable current sources), ATTINY13 (AVR microcontroller), SCK (serial clock), MISO

(master input, slave output), MOSI (master output, slave input).

(100 nA) or pulsed (100 A, 100 Hz, 200 ps) DC to nitinol
mesh for 4 weeks. Both the constant and the pulsed DC
stimulator produced a mean voltage of 3 V through the nitinol
mesh. hMSC-LCs were seeded on the nitinol mesh at a
density of 5 x 10* cells. One day after cell seeding, the
medium was changed to StemPro osteocyte differentiation
basal medium (Invitrogen, Waltham, MA, USA) containing
5 pg/ml gentamicin to induce osteogenic differentiation. The
medium was changed two times per week.

Characterization of human mesenchymal stem
cell-like cells

Immunocytochemistry

hMSC-LCs were washed three times with Dulbecco’s
phosphate-buffered saline (DPBS; Gibco, Grand Island, NY,
USA) for 5 minutes and were fixed with 4% paraformalde-
hyde for 30 minutes. After fixation, the cells were washed
three times with phosphate-buffered saline, and incubated
with DPBS containing 0.3% Triton X-100 (Sigma-Aldrich,
St. Louis, MO, USA) for 10 minutes. The permeabilized cells
were washed three times with DPBS for 5 minutes, incubated
in DPBS containing 10% normal donkey serum (Jackson

Laboratory, Barbor, ME, USA) for 1 hour, and incubated
overnight with anti-CD90 (1:250, Abcam, London, UK), anti-
CD44 (1:100, Abcam), anti-RUNX2 (10 pg/ml, Abcam),
anti-osteocalcin (1:80, Abcam), anti-fibromodulin (5 pg/ml,
Abcam), and antisclerostin (5 pg/ml, Abcam) at 4°C. After
washing, the cells were incubated with secondary antibody
conjugated with FITC or Cy3 for 1 hour. 4',6-Diamidino-2-
phenylindole-conjugated mounting medium (Vector Labora-
tories, Burlingame, CA, USA) was used to stain nuclei.

Alkaline phosphate staining

hMSC-LCs were washed with DPBS for 5 minutes and
were fixed with fixative solution (2% citrate:acetone=2:3)
for 30 seconds. After fixation, the cells were washed with
distilled water for 1 minute. Then, the cells were stained
with alkaline-dye mixture (fast blue RR salt, naphthol
AS-Mx phosphate alkaline solution; Sigma-Aldrich) for 1
hour and washed three times with distilled water for 2
minutes. After washing, the cells were stained with Mayer’s
hematoxylin (Sigma-Aldrich) solution for 10 minutes and
washed with distilled water for 3 minutes. The cells were
dried for 2 days after removing moisture.
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Table 1
Features of electrical stimulators
Item Constant DC Pulsed DC
Output current 100 nA 100 nA
Output waveform Constant DC Pulsed DC (100 Hz, 200 us)
CL‘MrAl)nl CL(A"AE)M -
: = oo
v
100 100
o |-
Load resistance (constant current) 0—20 k) 0—20 k)
Input voltage Lithium battery 3 V (CR2032) Lithium battery 3 V (CR2430)
Power consumption 0.36 mW (Output) 0.54 mW (Output), 0.45 mW (Sleep)
Effective time 10 wk 10 wk
Size 20x20x6 mm 25%25x6 mm

Molding
Working condition

MED-6640 (NuSil, Carpinteria, CA, USA)
Works at 48 h after switch went on

DC, direct current.

Alizarin red staining

hMSC-LCs were washed with DPBS for 5 minutes and
were fixed with 10% formalin for 20 minutes. The cells
were then washed three times with DPBS for 3 minutes.
After washing, the cells were stained with 2% alizarin red
solution (Sigma-Aldrich) for 5—30 minutes and washed
three times with distilled water for 3 minutes. The cells
were dried for 2 days after removing moisture.

Animal model and surgical procedure

This study was approved by the Institutional Review
Board. We used 60 adult male Sprague Dawley rats (300£
15 g, meanztstandard deviation; OrientBio, Gyeonggi-do,
Korea), housed in an animal facility permitted by the Associ-
ation for Assessment and Accreditation of Laboratory Ani-
mal Care. The rats were divided into three treatment groups:
(1) fusion with nitinol container only as the control group;

Electrical stimulator

hMSC-LSs

Mesh thickness :
0.127mm

(2) fusion with nitinol container and application of constant
DC (100 wA) as the constant DC group; and (3) fusion with
nitinol container and application of pulsed DC (100 pA,
100 Hz, 200 ws) as the pulsed DC group (Table 2). The study
was carried out by two neurosurgeons and one neuroscience
postdoctoral researcher. Rats were anesthetized with intra-
peritoneal ketamine (100 mg/kg; Yuhan, Seoul, Korea) and
xylazine (10 mg/kg; Rompun; Bayer, Leverkusen, Ger-
many). Then, the animals were exposed to Isotroy 100 (Troi-
kaa Pharmaceuticals Limited, Gujarat, India) and shaved,
and the operation side was sterilized with 10% povidone-
iodine solution. A dorsal midline incision was made, fol-
lowed by two paramedian fascial incisions. An intermuscular
plane between the multifidus and longissimus muscles was
developed to expose the transverse processes of L4 and L5,
as well as the intertransverse membrane. A low-speed drill
was used to decorticate the transverse processes and expose
cancellous bone. To harvest graft bones, a lateral oblique

Gold plating

woz

hMSC-LSs-5x104
cells/ecm?

Fig. 2. Design of the chamber, nitinol mesh, and DC stimulation set-up. Illustration of osteogenic differentiation by DC stimulation in vitro using hMSC-LCs.
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Table 2
Group description

Group Graft materials Number of rats

Control Autologous bone+nitinol mesh 20

Constant DC Autologous bone+nitinol mesh+ 20
constant DC stimulator

Pulsed DC Autologous bone+nitinol mesh+ 20

pulsed DC stimulator

DC, direct current.

incision was made along the iliac crest on both sides. Then,
all available corticocancellous bones were morselized with a
rongeur and weighed to create a homogenous distribution of
grafts between groups. The approximate weight of autolo-
gous iliac bone used in the control group was 300 mg.
Autogenous bone graft was placed within a nitinol mesh
(Fig. 3A). The nitinol mesh container was placed between
decorticated transverse processes in the paraspinal bed
(Fig. 3B). In the electrically stimulated groups of animals, a

A B

stimulator was placed subcutaneously. The wounds were
closed with 3-0 nylon sutures. Rats recovered from anesthe-
sia in warm basket for 15 minutes and were then returned to
home cages. The nitinol mesh received electrical stimulation
by means of a lead connecting the nitinol container to
the DC generator. Two types of current density, constant
(100 nA) and pulsed (100 A, 100 Hz, 200 us), were evalu-
ated. DC current was applied to the nitinol container for
8 weeks. The animals were observed twice daily throughout
the postsurgical study period for general attitude, appetite,
appearance of the surgical site, neurological signs, and respi-
ratory stress. Eight weeks after surgery, the rats were eutha-
nized by ketamine overdose [28]. The lumbar spines from
first lumbar vertebrae to sacral vertebrae, with surrounding
musculatures intact, were explanted (Fig. 3C). The experi-
mental design is outlined in Fig. 4. Spinal fusion was
assessed by microcomputed tomographic (micro-CT) scan
evaluation, manual testing, biomechanical testing, histologic
examination, and molecular analyses. The two neurosur-
geons who evaluated fusion were blinded to the treatments.

Fig. 3. A. A morselized iliac bone graft was placed inside a nitinol mesh, which was connected to an electrical stimulator. B. Two nitinol containers were
implanted on posterior decorticated transverse process surfaces on both sides using one type of DC stimulator. C. Lumbar spine was extracted 8 weeks after
surgery for fusion assessment.
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Fig. 4. Schematic illustration of rat posterolateral fusion. A. Nitinol mesh reduced gaps between bone chips and prevented soft-tissue interposition. B. Mor-
selized corticocancellous bones were implanted in the space between L4 and LS transverse processes using a nitinol mesh container with or without varied

DC stimulator.

Microcomputerized tomography

The explanted spines were scanned by high-resolution
micro-CT (NFR-Polaris-G90; NanoFocusRay, Jeonju,
Korea) to measure calcified fusion mass at the region of
PLF. Micro-CT scan was performed along the long axis of

the spine, with an energy of 65 kVp, current of 115 1A, and
exposure time of 34 ms to produce a resolution with a voxel
size of 27.70 mm’. Images were reconstructed using
Feldkamp’s cone-beam reconstruction algorithm [29]. The
reconstructed image was 1024 x 1024 pixels, and 512 slices
were acquired. Final data were converted to the Digital
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Imaging and Communication in Medicine format. To investi-
gate the integrity of the bone union, we examined scout, sag-
ittal, and cross-sectional views by using Digital Imaging and
Communication in Medicine viewer. We created three-
dimensional image reconstructions to measure the total vol-
ume of fusion mass in both sides for each specimen, using
commercial software (Xelis; INFINITT Healthcare, Seoul,
Korea).

Gross palpation and manual testing

Lumbar spines were removed from the rats en bloc
(Fig. 3C). Each fused motion segment was immediately
palpated for continuity of the fusion mass between trans-
verse processes. Two observers examined each manually
segmented motion by flexion and extension at the fusion
level and compared the motions to those of adjacent seg-
ments in the vertebral column. To prevent any mechanical
damage to the fusion mass, the test was conducted care-
fully. Spines with no intersegmental motion were consid-
ered “solid,” whereas spines with any motion detected on
either side were defined as “not solid.”

Biomechanical testing

The harvested specimens were evaluated in a three-
point bending test using a TO-101 Universal Testing
Machine (TESTONE, Seoul, Korea). Both ends of the ver-
tebral body were placed with their dorsal sides down on
two fulcra. The upper anvil (10.0 mm diameter) was
placed in a position such that a load was applied on the
ventral surface of the intervertebral disc perpendicular to
the longitudinal spine. Three-point bending tests were per-
formed at 40.0 mm intersupport distance and 50 mm/min
crosshead speed until the upper anvil advanced to 10 mm
(Fig. 5). The ultimate failure force was recorded as peak
load to failure, and stiffness was calculated based on the
slope of the linear portion of the force-displacement curve.

Histologic examination

Sample preparation

Explants were fixed in 10% neutral buffered formalin for
7 days. After washing, the samples were decalcified in
EDTA at room temperature for 14 days. Decalcified speci-
mens were used for histologic examination. The specimens
were fixed in 10% neutral buffered formalin. After fixation,
the specimens were dehydrated in graded ethyl alcohol sol-
utions from 70% to 100%. Then, the specimens were then
embedded in paraffin, and 4 um thick sections were stained
with hematoxylin and eosin (H&E) and Goldner’s tri-
chrome stains. The samples were immersed in a mixture of
absolute ethanol and white resin (1:1, v/v), and then left on
a rotor at room temperature for 1 hour. The ethanol/resin
mixture was changed three times every hour. The samples
were embedded in flat embedding molds made of

5

. Fulcrum

Fig. 5. Biomechanical assessment of fusion mass at 8 weeks after PLF by
a three-point bending test. A. Experimental setup of the three-point bend-
ing test. B. The arrow indicates the direction of force exerted on the fusion
mass.

polytetrafluoroethylene and cut on standard microtome
using a motorized ultramicrotome and glass knife (5 mm).

Hematoxylin and eosin staining

Explants were sectioned at 20 pm thickness and the sec-
tions were stained with H&E. First, frozen section com-
pounds (Leica, Wetzlar, Germany) were removed from
each specimen. Nuclei were stained with hematoxylin at
37°C for 15 minutes and the sections were washed. Then,
the tissues were differentiated in 0.35% acid alcohol solu-
tion, exposed to 1% lithium carbonate, and washed again.
Next, the cytosol was stained with eosin for 5 minutes, fol-
lowed by washing. Finally, the sections were dehydrated in
graded ethanol (70%—100%), and cleared with xylene. The
samples were mounted and observed under a light micro-
scope (IX71; Olympus, Tokyo, Japan).

Goldner’s trichrome staining

The sample was rinsed in xylene, 100% ethanol, 95%
ethanol, and distilled water two times for 2 minutes. Then,
the sample was placed in Bouin’s fluid solution at 56°C for
1 hour. After rinsing with distilled water, the sample was
placed in Weigert’s hematoxylin for 10 minutes. The sam-
ple was then washed with tap water and stained with Pon-
ceau Acid Fuchsin for 5 minutes. The sample was washed
in 1% acetic acid and placed in Phosphomolybdic Acid
Orange G solution (Sigma) until the collagen was decolor-
ized. The sample was rinsed with 1% acetic acid, stained in
light green stock solution for 5 minutes, and rinsed with 1%
acetic acid. The samples were mounted and observed under
a light microscope (IX71; Olympus, Tokyo, Japan).

Immunohistochemistry

Sections were incubated with primary antibody in incu-
bation buffer (1% bovine serum albumin, 1% normal don-
key serum, 0.3% Trion X-100, and 0.01% sodium azide in
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PBS) at 4°C overnight, and then with secondary species-
specific fluorescently labeled antibodies at room tempera-
ture for 1 hour. Then, the sections were mounted with
mounting solution (UltraCruz Mounting Medium, Santa
Cruz Biotechnology, Dallas, TX, USA) and observed under
a laser confocal microscope (LSM 510; Zeiss, Gottingen,
Germany) and a Leica microscope (DM 2500; Leica,
Wetzlar, Germany).

Molecular analysis

The L4 and L5 segments, which had been fused with the
nitinol mesh and varied DC stimulator, were collected and
stored at —80°C until analysis. The surrounding soft tissue
was removed and the bone was placed on a dry ice block.
The bone was pulverized in liquid nitrogen to near-powder
state using a mortar and pestle. The powder was transferred
to an Eppendorf tube, RIPA lysis buffer (Thermo, Wal-
tham, MA, USA) supplemented with protease/phosphatase
inhibitors (Thermo) was added, and the sample was left on
ice for 15 minutes. Then, the sample was centrifuged at
13,000 g for 15 minutes.

The differentiation of hMSC-LCs by electrical stimula-
tion was analyzed by western blotting. Detached cells were
lysed and the proteins in the lysates were resolved by
10%—12% SDS-PAGE (Bio-Rad, Richmond, CA, USA)
and electroblotted onto PVDF membranes. After blocking,
the membranes were incubated with primary antibodies tar-
geting Bcl-2-associated X (Bax; dilutions of 1:1,000; Milli-
pore Corp., Milford, MA, USA) and g-actin (1:10,000;
Abcam, Cambridge, UK). After conjugation of secondary
antibodies, protein signals were detected using an auto-
matic radiograph film processor (TM-300E; TAEAHN Inc.,
Incheon, Korea) and quantified using Image] (NIH,
Bethesda, MD, USA). We used antiosteocalcin, anticolla-
gen typel, anti-CD90, and anti-CD44.

Statistical analysis

All quantitative data are presented as the meanzstan-
dard deviation. Group means were compared by one-way
ANOVA. A p value of less than .05 was considered statisti-
cally significant. All statistical analyses were performed
using SPSS Statistics software, Version 21.0 (IBM, Somers,
NY, USA).

Results

Pulsed DC stimulation improves bone formation in vitro

To evaluate the effect of constant or pulsed electrical
stimulation on osteogenic differentiation, h(MSC-LCs posi-
tive for both CD44 and CD90 were cultured in a specifi-
cally designed compartmentalized dish and were observed
for 4 weeks. Three-dimensional cell masses grew over a
week, with particularly significant growth in the pulsed DC
group (Fig. 6A). The differentiation of hMSC-LCs was also

compared by means of immunostaining. When hMSC-LCs
originally positive (green color) for CD90 began to differ-
entiate at 1 week, they were no longer CD90 positive, but
expressed RUNX2 (red color), a preosteoblast marker
(Fig. 6B). After 4 weeks, the cells stained positive for
osteocalcin, a marker of mature osteoblasts (Fig. 6B). Alka-
line phosphate staining did not produce signal in the first
week, but after 4 weeks, violet-stained osteoblasts were
clearly observed (Fig. 6C). Especially cells near the nitinol
mesh were observed to be stained, in both constant and
pulsed DC groups (Fig. 6C). Furthermore, the remarkable
formation of bone mass adjacent to the negative terminal
indicated a strong correlation between bone formation and
electrical stimulation. After 4 weeks, significantly more
osteocytes were observed in the pulsed DC group than in
the other groups in an alizarin red staining test. (Fig. 6D).

Microcomputerized tomography

In the in-vivo experiment, micro-CT images revealed
that the pulsed DC group showed more extensive new bone
formation in the fusion mass at 8§ weeks after PLF (p<.05).
Fusion masses in both the DC groups were fused firmly
with adjacent transverse processes, and no cracks were
observed inside the fusion masses (Fig. 7A). On the other
hand, although the control group also showed new bone for-
mation, clefts were observed between the L4 and L5 trans-
verse processes. Unremodeled bone chips were also noted
in both DC groups; however, cortical rims were better
defined than those in the control group. The volume of new
bone mass varied significantly between the groups, and was
277.64+8.5 mL, 263.5+11.8 mL, and 225.4+£20.1 mL in the
pulsed DC, constant DC, and control group, respectively
(p<.05, Fig. 7B). In addition, the sizes of fusion masses at
the right side of the transverse process, near the negative
terminal, were statistically significantly different between
the groups (138.4+6.7 mL, 134.6+7.5 mL, and 101.7+
14.8 mL in pulsed DC, constant DC, and control group,
respectively; p<.05, Fig. 7B).

Manual assessment of fusion

Manual palpation at 8 weeks after PLF revealed that
90% (54/60) of the explanted spines displayed solid
fusion. Six rats with “not-solid” fusion, all of which
belonged to the control group, showed less bony mass on
gross inspection and intersegmental motion on manual
palpation. In all rats with solid fusion, continuous bony
mass was observed by palpation and no intersegmental
motion was noted between intertransverse processes.
The control group had a solid fusion rate of only 70%
(14/20), whereas both DC groups showed complete
fusion in all cases (100%, 40/40; p<.01). Extended bony
growth invading paravertebral muscle dorsally and psoas
muscle ventrally was not observed.
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showed the most extensive growth along the negative nitinol wire.

Biomechanical testing

Biomechanical testing was performed to evaluate peak
force to failure and stiffness, as determined on the basis of
the force-displacement slope. L4—L5 segments of all treat-
ment groups were tested and analyzed individually. The ulti-
mate force required to cause bone fracture was the greatest
in the pulsed DC group, with 239.461+35.40 N (p<.05). The
levels of force measured in the control group and constant
DC group were 143.17£72.60 N and 180.68+36.22 N,
respectively (Fig. 8A). In comparison to 16.1+10.6 N/mm in
the control group, bones in the constant DC group demon-
strated greater stiffness of 23.844.4 N/mm, and those in the
pulsed DC group showed even greater stiffness of 31.9+
6.2 N/mm, which was significantly different from that in the

control group (p<.05; Fig. 8B). Stiffness showed a trend
very similar to that of the ultimate force test results.

Histologic examination

Fusion masses were evaluated by immunohistochemistry,
H&E staining, and Goldner’s trichrome staining. Osteocalcin
and sclerostin were visualized by immunohistochemistry.
Osteocalcin is used as a preliminary biomarker of bone for-
mation. Unexpectedly, osteocalcin was the most abundant in
the control group. The pulsed DC group showed higher
osteocalcin levels and lower inflammation than the constant
DC group (Fig. 9A, C). Sclerostin, which is produced by
osteocytes, has antianabolic effects on bone formation.
Osteocytes are generally acknowledged to sense loading
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stimuli and to regulate bone remodeling and turnover. Scle-
rostin was considerably observed in both the constant and
the pulsed DC group (Fig. 9B). Spinal fusion was observed
in all three groups by H&E staining. The pulsed DC group
showed higher bone union with peripheral bone than other
groups. Disintegration of paravertebral tissue was higher in
the constant DC group than in the pulsed DC group. Such
disintegration was supposed to have resulted from inflamma-
tion induced by constant DC stimulation (Fig. 9C). In the
constant DC group, inflammation was observed in the bone
mass and paravertebral tissue around the stent. In Goldner’s

trichrome staining, solid fusion was observed along the niti-
nol mesh and decorticated transverse processes in all three
groups. Osteoid showed a trend very similar to that of H&E
staining results; we observed newly formed, unmineralized
“bone-like” dense collagen fibers (osteoid), which would
eventually mature and mineralize to form bones (Fig. 9D).

Molecular analysis

Osteocalcin and sclerostin protein levels in bone tissues
were analyzed at 8 weeks after PLF by western blotting
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(Fig. 10A). Protein expression was normalized to the
amount of B-actin, which was set as 1. The relative expres-
sion of osteocalcin was 0.83, 0.49, and 0.8 in the control,
constant DC, and pulsed DC group, respectively, with no
significant difference between the control and pulsed DC
groups. The relative expression of sclerostin was 0.77,
0.85, and 0.9 in the control, constant DC, and pulse DC
group, respectively (Fig. 10B). These results indicated that
at 8 weeks after PLF, when pulsed electrical stimulation
was applied, osteocytes were more prominently induced.

Discussion

Attainment of reliable fusion is the most important prog-
nostic factor for clinical success in PLF surgery. In conven-
tional spinal fusion surgeries, certain risk factors, such as
old age, smoking, multiple-level fusion, and failed prior
surgery, have been found to affect the fusion rate [30]. In
particular, the elderly display less solid fusion despite the
use of autograft, as this population has more diabetes, mal-
nutrition, and poor bone quality due to osteoporosis [31].
Therefore, alternative methods, such as synthetic graft sub-
stitutes, tissue-engineered alternatives, tubular mesh con-
tainers, and electrical stimulation have been designed for
use as adjuncts to spinal fusion surgery [26,32,33].

For more than 30 years, electrical stimulation has been
used to enhance spinal fusion [20,32]. Since the earliest
reported clinical use of electrical stimulation, both clinical
and scientific studies on electrical stimulation have increased
in numbers. In 1974, Dwyer et al. [18] published the useful-
ness of electrical stimulation in high-risk patients. Kane
et al. [19] published a study on implantable electrical stimu-
lation in 1988. Rogozinski et al. [20] showed that implant-
able electrical stimulation resulted in a high rate of fusion in

high-risk patients (96 % vs. 85 %) in 1996. Kucharzyk et al.
[34] carried out a controlled prospective outcome study of
implantable electrical stimulation in high-risk instrumented
spine fusion and reported a fusion rate of 95.6% compared
with 85% in those not receiving electrical stimulation.
Among the reported techniques, DC electrical stimulation is
the most widely used [34—36].

This study aimed to investigate the effects of various DC
stimulation on new bone formation, osteo-inductivity, and
biologic response to PLF using a nitinol mesh container in a
rat PLF model. Conventional PLF involves meticulous
decortications of transverse processes as well as piece-by-
piece placement of autografts in the intertransverse spaces;
consequently, it does not guarantee close contact between
transverse processes and graft pieces. To remedy this prob-
lem, we prepared a flexible container made of conductive
tubular nitinol mesh that facilitated contact with irregular
recipient bone surfaces and provided strong tensile strength.
As a container that holds bone pieces together, the mesh
served as a “fusion environment keeper.” Nitinol, which
maintains a good healing environment for bone fusion, is cur-
rently the preferred option for clinical application that elimi-
nates concerns of graft-induced complications. Therefore,
tubular nitinol mesh may be a promising tool for promoting
spinal fusion [26]. Radiographic images, biomechanical test-
ing, as well as histologic and molecular analyses demon-
strated an increase in the fusion rate when the pulsed DC
stimulator was used in combination with nitinol container,
compared with when only nitinol container with autograft
was used. Although new bone formation was observed in all
three treatment groups, new bone volume and strength
increased in the order control group>constant DC group>-
pulsed DC group. Furthermore, solid fusion was achieved in
all cases of both DC group, whereas only 70% of cases in the
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control group displayed solid fusion. These figures imply that
using DC stimulation further improves spinal fusion and the
quality of osteogenesis achieved with a nitinol container.
These results are encouraging because the use of DC stimula-
tion with nitinol container might reduce the chance of pseu-
doarthrosis or nonunion, which is reported to occur in
5%—45% of conventional spinal fusion procedures [37,38].
The use of adjunctive electrical stimulation to enhance the
healing of spinal fusion has been shown to be efficacious in
both clinical and experimental settings [39].

The mechanism by which DC stimulation stimulates
osteogenesis has been studied using several animal models.
A previous study on dogs demonstrated statistically signifi-
cantly higher fusion rates in DC stimulated specimens by
12 weeks [40]. In addition, DC stimulation reportedly
enhances fusion success rates in a dose-dependent manner.
In a rabbit model using DC in combination with coral-
derived bone substitute as an alternative to autograft, Bozic
et al. [41] showed that 100 A stimulation combined with
coral was superior to autograft. Kahanovitz et al. [42]
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developed a facet fusion canine model to show that
DC stimulation increases the fusion success rate and short-
ens the time to fusion in a dose-dependent fashion. Similar
results were obtained in a pig model [43]. However, an
authentic electrical current stimulator that can provide opti-
mal fusion outcome without tissue necrosis has yet to be
determined. It has been hypothesized that pulsed stimula-
tion, which resembles physiological signals in the human
body such as human heartbeat and synaptic nerve stimuli,
delivered to fusion site would result in solid fusion, while
having less adverse effects on contiguous bony and soft tis-
sues. This study is the first to provide evidence that pulsed

DC stimulation can be used to enhance fusion success.
Unlike constant DC stimulation, pulsed DC stimulation will
not only facilitate effective fusion of damaged bone mass,
but also minimize harmful factors that contribute to inflam-
matory reactions around the fusion mass, as supported by our
high-resolution histologic examination findings. In the pulsed
DC group, no evidence of inflammation and necrosis was
found within the fused mass at the stent or near spinous pro-
cesses. The histologic data, which revealed that the pulsed
DC group showed increased bony ingrowth and resorption
of the autograft in the nitinol container compared with the
other groups, were consistent with biomechanical test results.



P.G. Cho et al. / The Spine Journal 19 (2019) 1106—1120 1119

The fabrication of tubular nitinol container is very simple
compared with that of other, similar containers, which usu-
ally cost more and require advanced technology. We used a
conductive tubular nitinol mesh that is approved by the
Korea Food and Drug Administration. Nitinol mesh has been
used for repairing various types of organs, joints, and tissues,
and triggers low immunological responses [44—47].

In the current study, the electrode was inserted into the
subcutaneous space. Brighton et al. [27], in their study in
1989, confirmed that the weight per unit volume of osteopo-
rotic vertebral bodies in castrated rats increased through
transcutaneous electrical stimulation with a 100 mA cur-
rent. However, it is difficult to accurately identify the effect
of electrical stimulation to the bone due to electrical imped-
ance of the skin and bone. Therefore, to avoid the imped-
ance issue, we inserted the implant into the body to
efficiently deliver the current to the bone. However, in
humans, the electrode implant should be removed after
fusion. In some previous human studies, the effect of trans-
cutaneous electrical stimulation on spine fusion has been
confirmed. Goodwin et al. [48], Mooney et al. [36], and
Linovitz et al. [49] have shown that transcutaneous electri-
cal stimulation after spine fusion increases the fusion rate.
In humans, both implanted and transcutaneous electrodes
are options. It is expected that transcutaneous electrodes
would be more convenient; however, research on imped-
ance, uniform current transmission, and wearing is needed.

Although this study provided novel information regard-
ing the use of various types of DC stimulation with a nitinol
container for PLF, it had several limitations. First, the spi-
nal biomechanics in a tetrapod animal model differ signifi-
cantly from those observed in humans. In future studies, a
higher-order animal model should be used to assess the
effect of these interventions on spinal fusion rates in pri-
mates. Second, the accuracy and extent of interobserver
agreement for manual palpation testing and radiographic
technique were not extensively evaluated in this preclinical
model. Third, inconsistencies in the surgical methods might
have led to fusion outcome bias. Fourth, we used a continu-
ous and pulsed DC current of 100 mA based on previous
studies. At this current, the pulsed mode induced better
fusion and less inflammatory reaction and necrosis. How-
ever, other DC currents may induce other effects, and more
research is needed.

Conclusions

Tubular nitinol mesh, made of conductive suture, appears
useful for holding small pieces of bone grafts and maintain-
ing an environment conducive to bone fusion. This study
showed the benefits of using pulsed DC electrical stimulation
in a rat spinal fusion model. Pulsed DC stimulation was supe-
rior to constant DC stimulation in terms of fusion rate, fusion
strength, and suppression of inflammatory reactions. Future
research is required to evaluate the safety and effectiveness
of electrical stimulation in humans.
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