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ABSTRACT
Background: Direct current electrical stimulation may serve as a promising nonpharmacological adjunct promoting 

osteogenesis and fusion. The aim of this study was to evaluate the utility of electroactive spine instrumentation in the focal 
delivery of therapeutic electrical stimulation to enhance lumbar bone formation and interbody fusion.

Methods: A finite element model of adult human lumbar spine (L4- L5) instrumented with single- level electroactive 
pedicle screws was simulated. Direct current electrical stimulation was routed through anodized electroactive pedicle screws 
to target regions of fusion. The electrical fields generated by electroactive pedicle screws were evaluated in various tissue 
compartments including isotropic tissue volumes, cortical, and trabecular bone. Electrical field distributions at various 
stimulation amplitudes (20–100 µA) and pedicle screw anodization patterns were analyzed in target regions of fusion (eg, 
intervertebral disc space, vertebral body, and pedicles).

Results: Electrical stimulation with electroactive pedicle screws at various stimulation amplitudes and anodization 
patterns enabled modulation of spatial distribution and intensity of electric fields within the target regions of lumbar spine. 
Anodized screws (50%) vs unanodized screws (0%) induced high- amplitude electric fields within the intervertebral disc space 
and vertebral body but negligible electric fields in spinal canal. Direct current electrical stimulation via anodized screws induced 
electrical fields, at therapeutic threshold of >1 mV/cm, sufficient for osteoinduction within the target interbody region.

Conclusions: Selective anodization of electroactive pedicle screws may enable focal delivery of therapeutic electrical 
stimulation in the target regions in human lumbar spine. This study warrants preclinical and clinical testing of integrated 
electroactive system in inducing target lumbar fusion in vivo.

Clinical Relevance: The findings of this study provide a foundation for clinically investigating electroactive 
intrumentation to enhance spine fusion.

Level of Evidence: 5.

New Technology
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INTRODUCTION

More than 400,000 spinal fusion procedures are per-
formed every year in the United States.1 As the older 
population has increased, the utilization of spinal 
fusion for degenerative etiology has also significantly 
increased over the past decade.1 Despite advancements 
in surgical techniques, approximately 10% to 40% of 
spine fusions fail, leading to failed back surgery ulti-
mately requiring revision surgeries.2 There remains a 
classically defined “difficult to fuse” patient popula-
tion, that is, elderly patients (>65 years old), osteopo-
rotic patients undergoing multilevel fusion, and patients 
with multiple prior fusion surgeries.3–5 Successful solid 
spinal fusion represents a significant clinical challenge 
for spine surgeons, and alternative therapies are needed 
to reliably augment fusion.

Electrical stimulation is a promising nonpharmaco-
logical adjunct enhancing bone growth following spine 
fusion.6 Electrical stimulation modulates the physio-
logical bioelectric state at the site of fusion, promot-
ing osteoinduction of proliferating bone cells, thereby 
accelerating bone deposition and remodeling.7,8 Various 
methods of electrical stimulation exist, including nonin-
vasive pulsed electromagnetic fields and invasive direct 
current electrical stimulation.9 Although useful, these 
systems do not create local electrical fields at the site 
of fusion, which is recognized as the most important 
factor increasing the efficacy of electrical stimulation 
therapy.10,11

To overcome these limitations, we developed an 
integrated electroactive implant system capable of 
combining strengths of rigid spinal instrumentation and 
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osteogenic potential of direct current electrical stimula-
tion.11 By modifying standard spinal rods and pedicle 
screws, cathodic direct current was routed through the 
spinal rods energizing implanted pedicle screws. This 
allowed focal delivery of electrical fields around the 
pedicles and vertebral bodies through conductive por-
tions of the threaded pedicle screws (cathodes). Inte-
grated osteogenic electroactive instrumentation may 
offer a unique alternative to existing spinal instrumen-
tation. The primary aim of this study was to establish 
optimal parameters and evaluate the feasibility of elec-
troactive instrumentation in focal delivery of therapeu-
tic electrical stimulation to the target sites of fusion 
within the lumbar spine.

METHODS

Simulation of Single-Level Instrumentation With 
Electroactive Pedicle Screws

A normal adult human lumbar spine model with 
single- level fusion instrumentation with 4 pedicle 
screws at L4- L5 was simulated in COMSOL Multiph-
ysics software V4.3 (COMSOL, Inc., Burlington, MA) 
(Figure 1). The vertebral model was placed in a homog-
enous, isotropic tissue volume (length = 0 cm, width 
= 10 cm, height = 10 cm) modeled as an independent 
subdomain having bulk material properties of saline 
(σ = 2.0 S/m). L4 and L5 vertebrae were isolated and 
manually subdivided into subdomains with bulk mate-
rial properties consistent with cortical (σ = 4.52 mS/m 
transverse, σ = 64.52 mS/m horizontal) and trabecular 
bone (σ = 0.1642 S/m transverse, σ = 0.2 S/m horizon-
tal).

Pedicle screws were modeled in COMSOL as 
a single, uniform subdomain having bulk material 

properties consistent with medical grade titanium alloy 
(Ti6Al4V) (σ = 2.38 MS/m) with screw diameter of 6.0 
mm and screw length of 40 mm. To determine the effect 
of surface topology of pedicle screws on induced elec-
trical field distributions, pedicle screws were modeled 
in 2 patterns: (1) threaded: simulating clinical pedicle 
screws and (2) simplified: as round cylindrical rods 
(Figure 2). Pedicle screws were surface anodized with a 
layer of resistive titanium oxide (σ = 10 pS/m, thickness 
= 0–400 nm) located at the boundary of the metallic 
screw subdomain. To control the site of focal electrical 
stimulation, a uniform pattern with equal anodization 
thickness (ie, impedance) over screw length was varied 
between 0%, 50%, 75%, 90%, and 95% with only unan-
odized region representing conductive portion deliver-
ing electrical stimulation. Furthermore, a graded pattern 
of anodization was evaluated with anodization thick-
ness graded over the entire (100%) length of screw or 
distal half (50%) in linear and exponential gradients.

Evaluation of Electrical Field Distribution Evoked 
by Electroactive Pedicle Screws

Electrical activation of model pedicle screws was 
simulated with current density (Neumann) boundary 
conditions of direct current stimulation amplitudes at 
20, 40, 60, 80, and 100 µA. Boundary surfaces of the 
surrounding tissue volume were set as ground. The elec-
troactive pedicle screw and surrounding tissue volume 
were discretized into ~1,000,000 tetrahedrons.

Electrical field distributions within the vertebrae 
and the surrounding tissue volume following activa-
tion of electroactive pedicle screws were calculated and 
plotted in singular colorimetric cross sections taken at 
multiple axes through the vertebral model. The ampli-
tudes within the stimulated electric field were quanti-
fied as a function of orthogonal distance from midpoint 
of pedicle screws. The amplitude of >1 mV/cm was 
defined as threshold for osteogenic electric field. The 
distribution of electrical fields was evaluated for various 
configurations: (1) screw design (threaded vs simplified 
models), (2) varying stimulation amplitudes (20–100 

Figure 1. (A) Model of human lumbar spine with L4- L5 instrumentation. Four 
electroactive simplified pedicle screws instrumented at L4- L5 level simulated 
the clinical instrumentation and stabilization with (B) sagittal, (C) axial, (D) 
posterior, and (E) anterior views.

Figure 2. Model pedicle screws: (A) simplified and (B) threaded.
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µA), (3) patterns of anodization (uniform vs graded), 
and (4) length of the anodized region over the screw 
(0%–95%).

Evaluation of Focal Delivery of Electrical  
Stimulation to the Target Sites of Lumbar Fusion

Three target regions of interest (ROIs) for lumbar 
fusion were defined as the intervertebral disc space 
(L4- L5 interbody), vertebral body, and pedicles. Each 
region was defined as a set of multiplanar 2- dimensional 
surfaces consistent with anatomical dimensions. Osteo-
genic electrical stimuli were quantified within the target 
ROIs to evaluate the optimal configuration of electroac-
tive pedicle screws. Electrical field distributions within 
the target ROIs were plotted in colorimetric sections in 
the axial plane through the center of L4- L5 interverte-
bral space and in the sagittal plane through the midline 
of the intervertebral space. Numerical data from nodes 
within defined ROIs were summed to determine mean 
values of induced electric fields within the anatomical 
region. Mean electric field amplitudes were calculated 
and plotted for various configurations of electroactive 
pedicle screw, including uniform vs graded patterns of 
anodization and variable length of anodized region.

RESULTS

Electrical Field Distributions at Various  
Electroactive Pedicle Screw Configurations

Screw Topology

Direct current electrical stimulation at 40 µA yielded 
the highest amplitude in an elliptical region surround-
ing the entire length of each screw (Figure 3). Electric 

fields induced by electroactive pedicle screws in saline 
(E

max
 = 0.18 mV/cm) were observed to be lower in inten-

sity as compared with those induced in trabecular bone 
(E

max
 = 2.3 mV/cm). Electric field amplitudes rapidly 

declined with increasing distance from the midpoint 
of the pedicle screws. There were no significant differ-
ences between electric field distributions generated by 
simplified vs threaded pedicle screws at all positions 
except at the screw surface (Figure 3A and B, respec-
tively). On high magnification (data not shown), simpli-
fied screws yielded uniform electrical field distribution 
along the smooth screw surface. In contrast, threaded 
screw resulted in focal regions of high- intensity electric 
fields at the crests of threaded screw surface.

Stimulation Amplitude

Increasing electrical stimulation amplitudes from 20 
to 100 µA resulted in increased electrical field ampli-
tudes and broader spatial region of osteogenic electric 
fields (>1 mV/cm) generated in trabecular bone sur-
rounding the pedicle screws (Figure 4). All induced 
electrical fields had an elliptical pattern extending over 
the entire length of the screw. Stimulation of pedicle 
screws at 20 µA induced osteogenic electric field 
at only screw surface, while stimulation at 100 µA 
induced osteogenic electric field approximately 2 cm 
surrounding the screw surface (Figure 4A–E). Quanti-
tative analysis revealed that increasing stimulus ampli-
tude (current [I] = 20–100 µA) resulted in a progressive 
increase in the maximal electric field amplitude (E

max
 = 

1.0–5.6 mV/cm) surrounding the electroactive pedicle 
screws (Figure 4F).

Anodization Patterns

Direct current electrical stimulation at constant 
amplitude of 40 µA revealed that surface anodization 
region significantly altered the geometry of induced 
electric fields (Figure 5). Unanodized pedicle screw 
(0% anodized) induced an elliptical electric field dis-
tribution extending along the entire length of the screw 
(Figure 5A), while anodized pedicle screws (50% 
anodized) induced a spherical electrical field distribu-
tion centered on the conductive portion (unanodized 
region) of the screw (Figure 5B). Progressive anodiza-
tion of the pedicle screw body further concentrated the 
induced electrical field around the conductive screw tip 
(Figure 5C and D), thereby shifting the spatial region 
of osteogenic electric fields toward the distal tip of the 
screw. Anodization of >50% of the pedicle screw body 
(50%–95%) did not alter the spherical electric field 
geometry.

Figure 3. Electrical field distribution of electroactive pedicle screws implanted 
in the trabecular bone: (A) simplified screw and (B) threaded screw. Osteogenic 
electrical amplitude is concentrated in the elliptical region surrounding screws. 
The amplitude rapidly declined with increasing orthogonal distance from 
midpoint of each screw (C) in saline and (D) in trabecular bone.
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Spatial variance of anodization thickness (graded 
pattern) along the length of pedicle screws altered 
the geometry and amplitude of induced electric fields 
(Figure 6). Pedicle screws with linear gradient of anod-
ization along the entire length (100%, linear) exhibited 
a “pear- shaped” electric field distribution with high- 
intensity osteogenic electrical fields focused distal to 
the screw tip (Figure 6A). Limiting the graded region of 
anodization to the distal half of the screw (50%, linear) 
maintained the high- amplitude electric field distribution 
at the distal tip of the screw (Figure 6B). Results were 
similar when pedicle screws were anodized with expo-
nential gradient over the entire length (100%, exponen-
tial) (Figure 6C) or the distal half of the screw (50%, 
exponential) (Figure 6D).

Focal Delivery of Osteogenic Electrical Stimuli to 
the Target Sites of Lumbar Fusion

At constant electrical stimulation amplitude 
of 40 µA, surface anodization patterns signifi-
cantly changed both the anatomical distribution 
and amplitude of electric fields induced within the 
target ROIs (Figure 7). Unanodized pedicle screws 
(0% anodized) induced only low- amplitude electric 
fields within the intervertebral space and moderate 
electrical fields within the cortical bone of instru-
mented pedicles. In contrast, anodized pedicle 
screws (50% anodized) induced high- amplitude 
electric fields within the intervertebral space and 
moderate electrical fields within the instrumented 
pedicles. Increasing anodization of longer portions 
of the pedicle screw shifted the spatial region of 
osteogenic electrical fields within the anterior and 
posterior regions of the intervertebral space and 
anterior trabecular and cortical regions of the L4 
vertebral body. However, it decreased the amplitude 
of similar fields within the instrumented pedicles 
(Figure 7).

At a constant electrical stimulation amplitude 
of 40 µA, graded anodization patterns induced 
higher amplitude electric fields within the interver-
tebral space, L4 vertebra, and instrumented pedi-
cles than unanodized pedicle screws (0% anodized) 
(Figure 7). Graded anodization with linear gradi-
ents demonstrated higher amplitude electric fields 
within the pedicles compared with matched screws 
anodized with exponential gradients (Figure 7).

Figure 4. Electrical fields generated via electroactive simplified pedicle 
screws in trabecular bone. Osteogenic electrical field (>1 mv/cm) is represented 
as dark red on colorimetric scale surrounding the screw. (A–E) Electrical fields 
created by stimulation from 20 to 100 µA amplitudes. (F) Larger stimulus 
amplitude increased electrical field amplitude and distance orthogonal to 
midpoint of screw.

Figure 5. Effect of selective anodization with a uniform layer of 400 nm on 
electrical field distribution at constant stimulus amplitude of 40 µA around the 
pedicle screw. Osteogenic electrical field (>1 mv/cm) is represented as dark 
red on colorimetric scale surrounding the screw. (A) Without anodization. (B–
D) Increasing anodization from 50% to 95% of the screw.

Figure 6. Effects of graded anodization of the screw body on electrical field 
distribution. (A) Gradient anodization (100% linear) and (B) gradient anodization 
limited to distal half of screw (50% linear). (C) Gradient anodization limited 
to distal half of screw (100% exponential). (D) Gradient anodization limited to 
distal half of screw (50% exponential). Osteogenic electrical field (>1 mv/cm) is 
represented as dark red on colorimetric scale surrounding the screw.
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DISCUSSION

We developed a novel system that integrates promis-
ing nonpharmacologic electrical stimulation with exist-
ing instrumentation into a unique electroactive system 
capable of providing both mechanical stabilization and 
targeted osteogenic stimulation of the spine.11 In this 
biocomputational study, we established the optimal 
parameters for osteogenic electrical stimulation using 
this unique electroactive system for induction of bone 
regeneration in the normal spine. Our findings suggest 
that manipulation of electroactive pedicle screws in 
various combinations of anodization patterns and stim-
ulus amplitudes has the potential to provide bone stimu-
lation in the target areas of lumbar spine individualized 
to various fusion procedures.

Electrical stimulation has been suggested as a prom-
ising nonpharmacological adjunct to enhance bony 

regeneration and fusion. It has been demonstrated that 
normal bone exhibits pronounced electronegativity, 
and following injury, the electrical potential serves as 
a cellular cue promoting bone cell migration, prolifer-
ation, and differentiation.8,12,13 Direct current electrical 
stimulation has been demonstrated to accelerate bone 
formation and healing in the lumbar spine.14–19 Recent 
developments in spine surgery guidelines suggest the 
use of electrical stimulators for high- risk patient pop-
ulation.20

Despite these advances, utilization of direct current 
electrical stimulation has not gained widespread adop-
tion in spinal fusion procedures. Existing electrical 
stimulators are limited by bulky implantable hardware, 
incompatibility with rigid instrumentation, and an 
inability to induce interbody fusion.20,21 This highlights 
the significant need of improvement in existing electri-
cal stimulator technology to enhance the spine fusion. 
An integrated system combining the strength of exist-
ing implant/graft technologies and nonpharmacological 
electrical stimulation may substantially enhance rates 
of solid spinal fusion.11 The primary aim of this study 
was to evaluate the capability of this unique system 
in the delivery of targeted electrical stimulation to the 
target sites of spine fusion.

In the uniform tissue model, we found that unan-
odized (0%) electroactive pedicle screws created only 
diffuse low- amplitude electrical fields modulated by 
various stimulus amplitudes and remained below the 
osteogenic thresholds. In contrast, selective anodiza-
tion of pedicle screws enabled a wide range of induced 
osteogenic electrical fields and amplitudes modulated 
by anodization parameters including length, thickness, 
and gradient of anodization.

In the in vivo human lumbar spine model, electrical 
stimulation by unanodized pedicle screws (0% anod-
ized) failed to induce osteogenic electrical fields within 
the intervertebral space and vertebral body. In con-
trast, electrical stimulation by anodization of pedicle 
screws (50% anodized) induced high- amplitude osteo-
genic electrical fields in the target regions of fusion in 
lumbar spine (ie, intervertebral space, vertebral body, 
and cortical bone around the electroactive pedicle 
screws). These findings suggest the controllable and 
tunable nature of this osteoinductive system such that 
by selective anodization of pedicle screws the delivery 
of therapeutic electric fields may be focused on target 
sites of fusion without inducing concomitant fusion in 
unwanted regions (ie, spinal canal).

The optimal stimulation amplitude associated with 
increased bone density in lumbar fusion remains 

Figure 7. The osteogenic electrical field distribution in regions of interest 
of L4- L5 level (A) by varying percentage of anodization and (B) gradient vs 
exponential anodization of electroactive pedicle screws at constant electrical 
stimulation amplitude of 40 µA. Increasing anodization to 50% focused 
osteogenic electrical field within the intervertebral (IV) space, vertebra, 
and instrumented pedicles. Screw anodization of >50% further focused 
osteogenic electrical field in the intervertebral space, anterior vertebral body, 
however, reduced in the instrumented pedicles. Similarly, increasing gradient 
anodization (both linear and exponential) resulted in osteogenic electric fields 
within the intervertebral space, vertebra, and instrumented pedicles.
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unknown. Multiple studies have examined the role of 
direct current electrical stimulation on the bone for-
mation in both in vitro, in vivo preclinical, and human 
clinical settings.6,9,22 Generally, low- current amplitudes 
do not provide enough stimulation while high- current 
amplitudes may induce osteonecrosis of nascent bone 
cells at the site of fusion.22 Perhaps an ideal current 
amplitude depends upon multiple factors including 
density of underlying bone, surface area, and length 
of stimulation. While no single optimal stimulation 
amplitude has been demonstrated, the literature con-
cludes that the optimal range of stimulation amplitudes 
exists between 20 and 100 uA.9 Specifically, commer-
cially available devices utilizing direct current electrical 
stimulation to promote bone formation and bony fusion 
utilize 40 and 60 uA, respectively (eg, SpF system).23 
Further work is needed to identify the optimal stimula-
tion parameters needed to optimize bone formation and 
fusion in the setting of lumbar interbody fusion.

Considering the close vicinity of electroactive pedicle 
screws with the neurological tissue, there remains a 
concern of neurological injury or inadvertent modula-
tion. However, the risk to neurological injury using this 
osteogenic system is minimal as the amplitude of stim-
ulation is capped at a reasonable level. Neural tissue 
particularly responds to higher frequencies of electri-
cal stimulation (10–60+ Hz) and does not respond to 
direct current electrical stimulation. Therefore, the risk 
of neural excitation or aberrant modulation is minimal. 
As long the electroactive screws are placed within the 
pedicle and the stimulation amplitude is modulated in 
a safe range, the risk of neurological injury is minimal, 
on par with other deep brain stimulation or pacemaker 
style devices.

In a prior in vivo study, our group utilized a goat 
interbody fusion model to test the effect of electroac-
tive spine instrumentation.11 We utilized a microscale 
implantable power generator (similar to a pacemaker) 
to provide power and communication to the electroac-
tive osteogenic pedicle screws. This implantable power 
generator was connected via a flexible microwire to 
the screws such that instrumentation was not affected 
or complicated. While human testing is warranted, our 
study demonstrated that integrated osteogenic system 
led to focal enhancement in the lumbar interbody 
fusion.11 In addition, in vivo studies in sheep and goat 
lumbar interbody fusion models showed stable elec-
trical stimulation over multiple months with minimal 
complications.24 An alternative to implantable power 
generator is the wireless power transduction as a means 
of powering the electroactive pedicle screws.

Our results demonstrate the capability of selective 
anodization in stimulating various anatomical and 
spatial locales around the spine. For example, a linear 
anodization pattern focused the dense osteogenic elec-
trical field inducing bone formation in proximity to the 
screw tip at the anterior third of the intervertebral space. 
This region might reinforce the fusion mass formation 
in the anterior column promoting lumbar interbody 
fusion, preventing graft subsidence, and maintaining 
achieved indirect decompression/lordosis.25,26 Addi-
tionally, selective anodization with a gradient linear 
pattern focused on the osteogenic electrical fields within 
the pedicles may strengthen the screw purchase, poten-
tially preventing implant loosening and pull out.27,28 
Directional/spatial guidance of the direct current elec-
trical stimulation is expected to translate to a safer and 
more effective therapy. A cross- section of L4- L5 ver-
tebrae instrumented with electroactive pedicle screw 
and resulting electric field distribution in 2- dimensional 
colorimetric plot across intervertebral space is shown 
in Figure 8.

Limitations

This study has several limitations. First, we included 
a limited number of anatomical structures, which do 
not fully reflect the anatomical landscape of the lumbar 
spine. Second, we assessed only key ROIs, therefore 
overall percent of bone volume reaching the threshold 
for osteogenic stimuli may be underestimated. Clin-
ical implementation of spinal hardware may utilize a 
variable number of pedicle screws. Therefore, in vivo 
electric field amplitudes may largely be assumed to 
be a sum of electric field distributions, variably over-
laid, and centered around the fusion site. Finally, 
since this study aimed to demonstrate feasibility, our 
model assumed that electroactive pedicle screws were 
implanted in a normal spine. Therefore, these results 

Figure 8. A 3- dimensional spinal model of L4- L5 intervertebral space with 
colorimetric plot of osteogenic electrical field distribution: (A) oblique and (B) 
axial views after stimulation of 1 instrumented electroactive pedicle screw.
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are only applicable to young healthy adults without any 
spine pathology. In future studies, the utility of elec-
troactive pedicle screws modeled with various anodiza-
tion patterns tailored to the specific pathology, level, or 
depth of instrumentation should be explored. Despite 
these limitations, this system may provide tailored elec-
trostimulation protocols individualized to specific spine 
fusion procedures.

CONCLUSIONS

This study provides a proof of concept of elec-
troactive spinal instrumentation in focal delivery of 
therapeutic electrical stimulation to target sites of 
lumbar spinal fusion. Selective anodization of pedicle 
screws may enable osteogenesis in select anatomical 
locations at the target fusion site. Furthermore, the 
manipulation of anodization patterns of electroactive 
pedicle screws can focus electrical stimulation at spe-
cific anatomical regions. Our results suggest that 95% 
anodization of pedicle screw body with a constant 400 
nm layer of titanium oxide may induce high- intensity 
electric fields within the intervertebral disc space and 
vertebral body without osteogenic stimulation of the 
spinal canal. This study warrants further investigation 
of an integrated system of electroactive instrumenta-
tion in delivery of therapeutic electrical stimulation 
in vivo.
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