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Abstract
Traumatic injury to the spinal cord remains a catastrophic event that has lifelong consequences. While decades of research have
elucidated much of the pathophysiology associated with spinal cord injury (SCI), there still remains no clinically approved
treatments for restoring lost sensorimotor function. The traditional dogma suggests central nervous system (CNS) neurons do not
regenerate after injury but active areas of research aim to overcome this biological bottleneck. One particular approach using low-
level direct current electric fields (DC EFs) appears especially promising based on a rich set of experimental data. This review
highlights the biological basis for EF-induced regeneration and discusses the pre-clinical and clinical trials using the oscillating
field stimulator (OFS)—a medical device designed to deliver DC EFs in vivo. I further report ongoing developments in our
laboratory that refreshes the OFS concept with the hope of renewing interest in conducting additional clinical trials.
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Introduction

Spinal cord injuries (SCI) remain a devastating pathology with
significant physical, emotional, and psychological conse-
quences. It is estimated that about 17,500 new spinal cord in-
juries occur each year, adding to a pool of ~300,000 patients
with existing injuries (National SCI Statistical Center, available
at: https://www.nscisc.uab.edu/Public/Facts%202015.pdf).
Besides the multi-modal toll on the body and mind, it has been
estimated that lifetime costs associated with SCI range from $2.
1 to $5.4Mil if the injury occurs at age 25 [1]. To date, there are
no approved treatments to resolve the functional deficits arising
from SCI. Developing therapeutics that improve quality of life
remains an unsolved grand challenge in medicine. The patho-
physiology of SCI is complex and evolves temporally. Cellular
players involving inflammatory cells, glia, and neurons play
different roles during the stages of primary (initial
mechanical/chemical insult) and secondary injury (biochemical

events that exacerbate the primary lesion). Not surprisingly,
various treatments have been researched that target these events
and several have gone through human trials. Such experimental
therapies have included the use of methylprednisolone [2–4],
gangliosides [5], and minocycline [6]. In addition, cellular
transplantation trials with stem cells, [7, 8] Schwann cells [9],
activated macrophages [10], and olfactory ensheathing cells
[11, 12] have been investigated. A few have shown potential
but none has translated into a standard of care.

In this review, I discuss the use of direct current electric
fields (DC EF) as a potential therapeutic for regenerating dam-
aged tissues post-SCI. It is useful to differentiate low-level DC
fields from other forms of electrical stimulation techniques such
as brain, epidural, and functional electrical stimulation. In those
instances, pulsed or AC waveforms are often employed to in-
duce neuralplasticity or to directly stimulate peripheral nerves/
muscles (see [13] for an overview). In the present context, the
exogenous DC currents are below the threshold for neuronal
activation, are steady, and mimic the endogenous flow of cur-
rents during biologic phenomena such as embryonic develop-
ment and wound healing. Unlike neuromodulatory methods,
these currents are initiated during the sub-acute phase (<
18 days) of spinal cord injury and last for approximately
15 weeks. While the mechanisms associated with EF-
mediated cell/tissue responses remain unclear, there is no lack
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of evidence that demonstrates the important role of EFs in nor-
mal physiology and after tissue injury. By highlighting the
existing pre-clinical and clinical data as well as new develop-
ments from our laboratory, my goal is to stoke scientific enthu-
siasm to an approach that merits further clinical investigation.
Indeed, in an age of molecular biology, many biophysical stim-
uli such as electric fields have received diminished attention.

Scientific rationale for use of electric fields
in spinal cord regeneration

The existence of DC electric fields and their occurrence in
cellular processes has been established for well over a hundred
years [14]. The electrical currents (and associated voltage gra-
dients) that flow within the body are not electron based but are
carried by ions. The fields set up by these ions, measured as the
voltage difference over the distance of current flow (mV/mm),
have physiologic roles and their effects can be clearly observed
in many biologic states such as dermal/corneal wound healing
[15–17], limb regeneration [18, 19], and early embryonic de-
velopment [20–22]. For instance, the mammalian cornea estab-
lishes a + 30 to + 40 mV internally positive trans-corneal po-
tential via the active pumping of Na+ and K+ ions inwards and
Cl− outwards across the epithelium. This disparity in charge
sets up an electric field across the epithelium. Damage to the
cornea induces ion flow through the breach, creating a
Bdisturbance^ DC EF. Such fields initiate downstream cellular
responses that ultimately end in closure of the breach (i.e.,
wound healing). A similar phenomenon occurs in amphibian
limb regeneration whereby an amputated limb exhibits outward
flow of injury current [18]. These long-lasting Bstump
currents^ most likely initiate the process of limb regeneration
[19]. Manipulation of these injury currents via mechanical
methods, application of a counter field or with pharmacologic
agents, can impede normal physiologic processes. In the exam-
ple of the cornea, wounding of the corneal epithelium causes
the cells bordering the injury to proliferate. Addition of oua-
bain, an inhibitor of Na+/K+ pumps, alters cellular orientation
and suppresses mitosis by collapsing the trans-corneal potential
[23]. If electric field manipulations are applied to the develop-
ing embryo, severe anatomical defects (absence of anatomical
structures, limbs and tail) can be induced [20, 24, 25].

Within the nervous system, neurons cultured in vitro show
remarkable behaviors when exposed to DC electric fields. EFs
as low as 10 mV/mm can cause axonal growth cones to turn
towards the cathode (negative pole). Anode facing neurites
either resorb into the soma or turn 180 degrees toward the
cathode. EFs enhance the rate of neurite outgrowth [26, 27]
and branching is promoted [28]. The direction of turning
(cathodal or anodal) is dependent on neuron type, substratum
charge, and whether the process is a dendrite or axon [29].
However, as a whole, decades of culture data show that under

physiologic conditions and physiologic substrates (negatively
charged), neurons generally extend processes towards the
cathode and retract/turn neurites facing the anode [30].
Interestingly, migration of neural cells towards the cathode
has been documented [20] while peripheral nerve Schwann
cells are drawn to the anode [31].

Themechanism of EF transduction within the cell is unclear,
but externally applied EFs result in an asymmetry of many
charged cell surface proteins such as receptors and ion channels.
The most likely cause is an electrophoretic effect across the cell
[32]. Increase in Ca+2 may be altered from this clustering of cell
surface proteins/channels, which could lead to changes along a
single side of the cell. Downstream signaling pathways that
trigger cytoskeletal events may further be initiated (see [33]
for review). In addition to axon guidance, applied DC electric
fields can inhibit axon dieback, as demonstrated in lampreys
after spinal cord axotomy [34, 35]. Imposed DC fields most
likely set up a counter field that reduces the entry of Ca+2 and
Na+ into the transected end of the axon [36]. Ca+2 overload,
from trauma such as axotomy, is well understood to initiate
neurodegenerative programs within the cell [37, 38].

The phenomenon of simultaneous EF-induced cathodal at-
traction and reduction in axon dieback provides the founda-
tion for its use in treating SCI. Assessment of exogenously
applied DC fields to spinal injuries was detailed in a series of
experiments in guinea pigs [39–41]. In one of these seminal
studies, animals were subjected to a hemisection injury
scheme and treated with an electrical implant (battery) to de-
liver steady DC current. The cathode electrode was placed
cranial to the hemisection while the anode was caudal to the
injury. After treatment for 50–60 days at up to 40 μV/mm, the
authors found that cut axons reached the transection plane and
some were found growing near or around the astroglial scar,
albeit not through it. The projection of these axons was in the
ascending direction (towards the cathode). In comparison, no
spontaneous axon growth around the lesion was observed and
axons actually retracted from the transection plane in the con-
trols. Follow-up studies aimed to decipher the effects of elec-
trode placement in mediating regeneration were conducted in
another cohort of guinea pigs [41]. Animals were subjected to
a right lateral hemisection and the cutaneous trunci muscle
reflex (CTM) and freefall righting reflex were used to assess
ascending or descending pathways, respectively. The investi-
gators noted the CTM was lost after injury but was recovered
in 13% of the animals having the cathode cranial to the cut
plane. Interestingly, no such return of the CTM was found in
any of the animals with a caudal cathode or in the shams. This
suggests that ascending interneuron spinal fibers, which are
part of the CTM circuit, may have crossed the lesion. Further,
animals with a caudal cathode installation recovered the free-
fall righting response. However, most animals regained this
reflex spontaneously. The researchers noted regeneration
could have occurred in this group but the effects were masked
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by the natural recovery of the righting reflex. Nonetheless, the
experimental results are consistent with the hypothesis that the
cathode seems to attract axon growth.

The group of Tator also conducted comparable studies in rats
and showed a 14 μA DC current (cathode distal to compressive
clip injury) resulted in functional and anatomical improvements
[42]. Metrics included higher inclined plane scores and ampli-
tude of the motor evoked potentials, and a greater number of
labeled cells in the red nucleus, raphé nuclei, and vestibular nu-
clei. Further experiments from the same group confirmed the
initial findings and suggested electrode placement (either caudal
or cranial to the injury) may also have differing outcomes [43].

These early in vivo investigations revealed a peculiar ana-
tomical caveat. For ideal sensory and motor recovery, injured
spinal axons must extend both cranially and caudally across the
lesion to synapse with functional, healthy neurons. This two-
way projection poses an interesting problem since DC electric
field–induced axonal growth tends to be biased towards the
cathode. However, this enigma was resolved through on an
observation that axon growth towards the cathode is faster than
retraction from the anode [26]. That is, there is a biologic win-
dow (~ 30–60-min duration) in which reversal of the field does
not completely undo axon growth towards the cathode. This
biologic asymmetry to the EF response led to the concept of
using a reversing or oscillating electric field stimulation (OFS)
for inducing bilateral spinal cord regeneration. Similar to the
initially implanted battery in rodents, oscillating field stimula-
tion uses an implantable device that produces a steady DC
current/electric field across the lesion (Fig. 1). However, at
every 15-min intervals, the electrode polarity is switched (i.e.,
oscillates). This polarity reversal accomplishes two key goals:

(1) It encourages bidirectional axon growth across the damaged
cord region and (2) polarity reversal neutralizes the electro-
chemical byproducts that accumulate at the electrodes. The lat-
ter point is quite relevant as local pH changes near the elec-
trodes may be cytotoxic [43, 44]. Polarity reversal minimizes
this effect and permits longer sustained DC stimulation in vivo.

Pre-clinical results with OFS

Initial trials exploiting the OFS concept were first conducted in
dogs by the group of Borgens et al. [45]. In these randomized
studies, canines diagnosed with thoracolumbar intervertebral
disk herniation (Hansen type 1 injury) and categorized as having
complete paraplegia received OFSwith electrodes sutured a few
millimeters above the cord at ends of the laminectomy site.
Stimulators delivered 200 μA of current for a period of either
3, 6, or 15 weeks. Functional metrics included both neurological
and electrophysiological exams at 6 weeks and 6 months post-
implantation. Compared to shams, dogs receiving the active
stimulators showed a statistically significant improvement at
6 weeks and 6 months in the aggregate neurologic score, which
consisted of equal weighting of deep pain sensation, locomotion
response, superficial pain, and proprioceptive placing. Return of
some somatosensory evoked potentials (SSEPs) was found in
four of the 12 implanted animalswhile none of the 11 sham dogs
recovered electrophysiologically. Few complications were
found, and they were unrelated to the electrical therapy.

A second blinded study was conducted using very similar
criteria in which paraplegic dogs were treated with revised OFS
units suitable for human implantation [46]. Enrolled dogs

Fig. 1 The bidirectional dilemma. A distally placed negative pole (cathode)
tends to attract growth of descending axons (a). b If the cathode is placed
cranial to the injury, ascending axons will be stimulated. cBy oscillating the

polarity of the DC fields every 15 min, both ascending and descending
projections can be encouraged to cross the lesion. d Schematic representa-
tion of the OFS device and electrode placements
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received standard decompression surgery, spinal stabilization,
and administration of methylprednisolone sodium succinate.
With the OFS group, the stimulation units provided an estimat-
ed field strength of about 500–600 μV/mm for a period of
15weeks. Both radiologic and neurologic examswere conduct-
ed, with neurologic testing consisting of reflex assessment, uro-
logic and urodynamic tests, superficial and deep pain sensation,
proprioception, ambulation, and SSEPs. Longitudinal assess-
ment was again made at 6 weeks and 6 months post-operation.
Trial results showed that in some individual metrics, statistical
significance was not attained. However, the total neurologic
score was again higher for OFS-treated dogs (n = 20) vs sham
animals (n = 14) at 6 months. SSEP recordings were found in 7
of 17 OFS-treated dogs at 6 months while only 2 of 14 shams
had any return of nerve conduction. Comparable to the first
study, no side effects related to the OFS were found.

From these canine cohorts, it became clear that the OFS
electronic devices implanted for an extended period had no
detrimental effects and provided improvements in electro-
physiology and in the combined neurologic assessment.
While some degree of spontaneous recovery can be expected
in animals following decompressive surgery [47], these results
showed that OFS stimulation still fared better than the animals
which received a sham implant. Moreover, time to ambulation
after decompressive spinal surgery peaks at around 11–
13 days in dogs [48, 49] and in this study, the authors waited
up to 18 days to verify the animals remained paraplegic prior
to device implant. Thus, the likelihood that these animals
would have recovered naturally without the OFS implant
was low. The cumulative in vivo data in rodents and dogs
provided the justification for use in subsequent human trials.

Clinical results with OFS

First units of the OFS device were implanted into ten human
patients with neurological complete acute SCI [50]. The trial
was led by the Indiana School of Medicine using the same
implants designs as in the canine study (Fig. 2). The entry
criteria for the trial were very strict and shown in Table 1.
Nine out of ten patients received some sort of surgical inter-
vention, which included decompression or internal fixation.
All patients were also given the same methylprednisolone
dose, as was common protocol. Sterile OFS devices were
subsequently implanted into the patients within the first
18 days of the initial injury, via a second surgery.

A set of three electrodes were placed one segment above the
injury, while the opposing set of three electrodes were placed
one segment below the injury, permitting bidirectional stimula-
tion of spared peri-lesion tissue. Electrodes were coiled platinum
iridium wires, designed to optimize the current density output.
Electrode placement was extradural with one electrode sutured
to the spinous process and two others to the lateral musculature.

Each electrode emitted 200μA, for a total of 600μA. Polarity of
the electrodes was reversed every 15 min. Device explants were
made at 15 weeks. Patient status was measured via several met-
rics, including the American Spinal Injury Association (ASIA)
scoring system, visual analog scale (VAS), and SSEPs. Patient
status was observed at baseline (before implantation) 6 weeks,
6 months, and 1 year after implantation. Summary results from
the initial ten patients are shown in Table 2.

Throughout the study, patients recovered more with the OFS
as all of the tested metrics were in favor of the treatment cohort.
Themotor recovery at 1 year was 6.3 above the baseline (0–100
scale). The change in pinprick score was + 20.4 (19 revised)
while the light touch mean was 25.5 (23.9 revised) higher after
1 year (0–112 scales). SSEP recovery was observed in four out
of five cervical patients and one out of five thoracic injuries.
However, SSEPs have not been tracked longitudinally in SCI
patients so it is unclear what the SSEP may reveal.
Improvement in upper extremity use was observed in a few
patients. One patient recovered sexual function [51]. The pos-
itive outcomes of this first trial convinced the FDA to approve a
follow-up study with another 10 patients. However, only four
new patients received the implant prior to the ending of the trial
by the corporate sponsors. Detailed results from those four pa-
tients are described by [51]. The aggregate patient data of the 14
patients receiving implants showed a net gain of 6.9 points in
motor scores, 25.9 point increase in light touch, and 15.2 in-
crease in pinprick sensation. No regression in neurologic func-
tion was found. It is interesting to note that with OFS treatment,
sensory recovery in the human patients was much higher vs
motor function—a phenomenon that is still not well under-
stood. The collective data showed the OFS implants were safe;
13 of the 14 units were still operational with one device failing
sometime after week 14. No side effects were experienced by
this patient and the failure was attributed to a fragile circuit
connector. The frequency of wound infection (one patient)
was within the bounds of typical surgical procedures.

Since this initial phase 1 trial aimed to determine the safety
of the OFS device, a placebo group was not part of the exper-
imental design. However, historical controls of similarly cat-
egorized patients from the National Acute Spinal Cord Injury
Studies (NASCIS II and III1*) can be used as a reference.
These trials investigated the use of methylprednisolone steroid
(MP) after SCI. In NASCIS II, a very small increase in motor
recovery was observed in a small subset of neurologically
complete patients at 6 months and 1 year, but no differences

1 The NASCIS trials were a series of clinical trials beginning in 1984 that
investigated the use of high-dose methylprednisolone to mitigate cellular ox-
idative stress and inflammation after acute SCI [52, 53]. The NASCIS II and
III trials claimed some modest benefit of using MP following spinal injury. In
retrospect, these studies have been widely criticized for poor experimental
design, data reporting and suspect post-hoc statistical analysis [54, 55].
Nonetheless, the trials were the first of its kind and reported data that can be
used as historical controls, especially in assessing the effects of spontaneous
recovery

Neurosurg Rev (2019) 42:825 834–828



in pin prick or light touch were detected vs placebo [4, 52].
Moreover, there was a trend towards worsening motor and
sensory scores in neurologically incomplete patients at 1 year
vs placebo [52]. In NASCIS III, the post treatment change in
motor scores ranged from 1.9 to 6.1 points higher (depending
on timing of dosage) at 6 months post-injury for neurological-
ly complete patients, with virtually identical results after 1 year
[53]. Statistical significance was not reached. No MP regime
increased either pin prick or light touch scores by more than
3.8 points after 1 year and again, the results were not statisti-
cally significant. While direct value comparisons between
OFS and NASCIS II/III data are difficult due to slight varia-
tions in the scoring and patient classification, the results show
that versus placebo, MP produced marginal to no changes in
motor and sensory scores. While the OFS trials also used MP
per NASCIS III guidelines, the degree of functional recovery

observed was higher than those in the NASCIS III trials. Thus,
the results indicate a benefit from the OFS.

In another clinical trial using GM-1 ganglioside (Sygen),
the measured endpoints and ASIA metrics were similar to the
OFS trials. Compared to the matched placebos from this
group, the OFS was superior in pinprick and light touch for
cervical injuries and significantly better in pinprick scores for
thoracic injuries (https://www.sec.gov/Archives/edgar/data/
1180253/000114420407037653/v081531_sb2a1.htm). The
placebo group also saw a deterioration in pinprick and light
touch responses in thoracic injuries while no such deficits
were observed with OFS.

In light of these historical controls, the results with OFS
indicate moderate efficacy as it is clear the outcomes cannot
be solely explained by spontaneous recovery or the use of
MP. The improvement in sensory scores and the lack of neuro-
pathic pain without any motor ability are encouraging findings.
Others have noted that efficacy review panels and even scien-
tists who conduct animal experiments tend to heavily favor
motor recovery, but clinicians and especially patients realize
the importance of even modest gains in sensory performance
[56, 57]. Any return of function translates into a significant

Table 1 Entry criteria for human clinical trial

• Patients aged 18–65.
• Acute complete SCI between C5 and T10 that remained complete for at

least 48 h prior to study enrollment
• Any decompression or stabilization required was done before the OFS

implantation (not at same time)
• Patients with penetrating injuries secondary to gunshot wounds or other

devices were excluded
• All study patients had to be treated with intravenous

methylprednisolone, which was the standard of care at the time
according to the National Acute Spinal Cord Injury Study (NASCIS)
III protocol (8)

• On study entry, scores for the pain visual analog scale (VAS) and the
American Spinal Cord Injury motor/sensory (ASIA) metric were ob-
tained.

• Patients must not show any somatosensory evoked potentials
(SSEP) through the injury site.

Table 2 Human clinical trial results

• 1-year motor score was up 6.3 points from baseline.
• Light touch up to 23.9* from baseline (revised)
• Pin prick sensory score increased to 19* (revised).
• SSEPs were improved throughout the study period
• VAS scores improved from 8 to a mean of 2.
• No reported cases of neuropathic pain.
• Surgical procedure was well tolerated, with only one incidence of

infection (comparable to normal surgical rate).

*Erratum in J Neurosurg Spine. 2008 Jun;8(6):604

Fig. 2 Image of implanted OFS
implant per clinical trials outlined
in [50]. Implants were encased in
a silicone matrix for
biocompatibility
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improvement in quality of life, especially in higher level cervi-
cal injuries. The OFS device is not intended as a Bcure^ per se,
as the pathophysiology of SCI is complex and multi-dimen-
sional. Indeed, it is unlikely that any single therapy will
completely resolve SCI. But having a surgical option to poten-
tially restore some level of function from catastrophic SCI holds
a significant value to the SCI community. Even a small return of
sensation, bladder/bowel control, or sexual function is a leap
forward in ameliorating the debilitating consequences of SCI.

Follow-up work

Following the initial dog and human trials conducted by the
team of Borgens and Shapiro, the OFS technology has
remained relatively dormant. This was due to several factors,
primarily from the demise of the biotech company that licensed
theOFS technology. TheOFS patent has now also expired, thus
reducing the financial incentive that another company may take
this technology to market. However, new in vitro findings have
resurrected our interest in the use of DC fields in spinal cord
regeneration. Borgens had previously shown that astrocyte
numbers were greatly reduced at the lesion with DC field stim-
ulation [58]. Scarring by dysfunctional or hyper-reactive astro-
cytes create a physical and biochemical border, which has been
implicated as a potential barrier to regeneration ([59, 60]
Reduction in astrocyte numbers may be beneficial for facilitat-
ing axon penetration through the lesion.

The Borgens’ group postulated that other cell types intimate-
ly involved in SCI pathophysiology may be responsive to DC
fields. Recently, the lab of Rajnicek observed that monocytes
migrated cathodally when subjected to a 300 mV/mm DC field
[61]. In contrast, differentiated macrophages migrated anodally.
Field stimulated macrophages also increased their phagocytic
activity to both cellular and inorganic targets. Macrophages that
infiltrate from the hemorrhagic lesion post-SCI are key players
in the subsequent inflammatory process. These cells are respon-
sible for debridement of cellular debris, can secrete both pro-
inflammatory and anti-inflammatory cytokines, and facilitate
the repair process [62]. The dysfunctional transition from pro-
inflammatory to pro-healing macrophage phenotypes after SCI
has been implicated as a barrier to repair [62]. The data by
Rajnicek et al. suggest blood-derived macrophages (and possi-
bly microglia, the macrophages of the CNS) may be activated
and modulated with electric fields. Further work will need to be
done to fully characterize macrophage phenotypic changes, but
these preliminary results offer new insight for potential recruit-
ment and polarization of macrophages.

Another widely researched area in SCI therapeutics is the
concept of cellular transplantation. Briefly, this approach uses
the patient’s own cells (i.e., stem cells, Schwann cells) that are
harvested post-SCI, expanded/modified in vitro, and injected
back into the damaged site. The rationale assumes these re-
engineered cells can survive and integrate with the host to

restore synaptic connections or perform other vital functions
such as remyelination of damaged axons. Recent work with
electric fields has demonstrated very intriguing outcomes. For
instance, Liu showed that neural stem cell–derived oligoden-
drocyte precursor cells isolated from fetal mice migrated to-
wards the cathode. This bias was proportional to the field
strength [63]. Embryonic human–sourced neural stem cells
also were guided by electric fields as small as 16 mV/mm
[64], whereas peripheral nerve Schwann cells migrated within
a field of 50–200 mV/mm [65]. Other experiments with
organotypic spinal cord slices also showed transplanted neural
progenitor cells migrated towards the cathode. These findings
suggest EFs can be potentially used to enhance recruitment of
transplanted precursor/stem cells to the lesion.

The emerging in vitro work with DC electric fields pro-
vides added motivation to continue development of the tech-
nology, especially in relation to immuno-modulation and cel-
lular transplantation. The original OFS electronics are now
outdated, while new miniaturized wireless semiconductor
technologies have become readily available. To this end, our
laboratory has refreshed the OFS design and implemented
modern microelectronics as well as improved functionality.
We are also re-evaluating electrode geometries as well as in
situ placements to optimize field intensities. Our hope is that
these modifications will improve the therapeutic efficacy of
the OFS implants and catalyze the next phase of human trials.

Limitations of the OFS and ongoing research

The OFS used in dogs and humans was state of the art at the
time of development. Nonetheless, there were several techno-
logical limitations to these early studies. First, the devices
were passive in nature and could not transmit information
back to the clinicians. The verification of battery life could
only be made during device retrieval (one unit had an elec-
tronic failure found only during the explant). This deficiency
made it difficult to determine if the device was performing to
specifications in vivo. Secondly, the electric fields generated
within the cord parenchyma were unknown and the in vivo
field intensity and distribution of EFs may be quite different.
Variations of the EFs in the cord may potentially explain the
disparate outcomes in sensory vs motor function in the phase I
FDA trials. To remedy these unknowns, our center has made
considerable progress in several areas.

Development of wireless telemetry

In the current generation of the OFS device, we have incorpo-
rated a wireless communications system based on the Bluetooth
protocol. Integrating telemetry microelectronics into an updated
low-power circuit, we are not only able to generate the same
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magnitude of current (200 μA per electrode) but also simulta-
neously monitor the current output throughout the implantation
period. The wireless system transmits data to an iOS-based
smartphone and via a simple free App (Purdue OFS), the user
can interface with the medical device (Fig. 3). All communica-
tions are password encrypted and encoded. The control user
interface has a variety of functions, providing information on
battery power, individual lead current output, oscillation time,
and ability to shut off individual leads or the entire unit (Fig. 3).
Users can further forward the stored data via e-mail for offline
analysis for performance and safety assessment. Our laboratory
is also building in other features such as ability to measure the
voltage drop between electrodes. This measurement will permit
quantitation of temporal local resistivity changes and could pro-
vide insights about fibrosis/scarring at the electrode-host tissue
interface. Such data could allow for real-time adjustment of
current flow to optimize therapeutic effect.

A critique of the original OFS trial was that implantation of
the device occurred several days after surgical decompression,
necessitating a second surgery that may pose additional risks
to the patient [66]. A suggestion was made to implant the OFS

during the first surgery. This was not possible at the time as the
OFS was turned on just prior to implantation. However, the
revised OFS units can be implanted during the initial decom-
pressive surgery and powered on after some delay/
stabilization period. The ability to control/monitor device out-
put further permits correlation of clinical outcomes to the de-
vice performance history. For instance, if a patient recovers
poorly, one can evaluate the device log to look for anomalies
that could explain the outcomes. And conversely, the stimula-
tion regime that best induces patient recovery can be used as a
template for additional refinement. The new technological ad-
vancements ultimately minimize device-related variability to
deliver a more consistent therapeutic effect.

Computational mapping of electric fields

The electric field strengths of 500–600 μV/mm reported in
prior clinical trials were extrapolated based on rudimentary
measurements initially made in guinea pigs and dogs.
However, actual in vivo field intensity and distribution of

Fig. 3 Left: Image of a prototype OFS implant with a 3-D printed poly-
mer casing. The size of the implant is comparable to that of a camera
battery. The OFS communicates with the Apple-based iOS devices

wirelessly via Bluetooth. Right: Data screen of the control interface of
the App. The App can be downloaded from the App store as BPurdue
OFS^
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EFs may be quite different [67, 68]. Thus, a second area of
investigation in our center is the mapping of electric fields
within the spinal cord using computational methods. For these
studies, finite element analysis (FEA) coupled with human
MRI data are being used to construct anatomically accurate
computational models for electromagnetic simulations. FEA
is a common tool in biological modeling and has been
employed in our prior studies to estimate the stress-strain dis-
tributions in the spinal cord during crush injury [69].

Characterization of the intracord field intensity has several
important implications. First, we hypothesize that spatial dif-
ferences in field strengths may explain the observed functional
outcomes in the FDA patient trials. It was reported that sen-
sory recovery was significantly improved, but motor function
plateaued to levels just above the baseline. The proximity of
the electrodes towards the dorsal aspect of the cord (location
of major sensory tracts) may contribute to a ventral-dorsal
asymmetry in field intensities that result in a discrepancy in
sensorimotor recovery. We are currently exploring these EF
variations as it pertains to clinical outcomes.

Secondly, mapping of these fields provides insight on op-
timization strategies for increasing therapeutic effect. For in-
stance, the clinical electrodes were originally coiled in shape
to maximize the surface area and subsequently, current output,
without incurring tissue damage. We are determining whether
such geometries can be modified to deliver even more current.
These parameters along with the effects of electrode place-
ment in vivo and changes to post-SCI tissue electrical proper-
ties are being studied. A pivotal component is collaboration
with neurosurgeons to best assess surgical approaches (both
dorsal and ventral) and implant dimensions that can be feasi-
bility installed in the patient. With FEA, we are able to sys-
temically evaluate these variables and make proposed changes
for increasing the intracord field levels. We intend to validate
these simulations in canine trials prior to testing in humans.

Conclusions

Oscillating field stimulation remains a promising technology
for treating acute SCI. OFS has shown to be safe in early pre-
clinical and clinical studies with no known side effects. The
limited number of patients receiving OFS implants recovered
modest sensory function and did not experience any deterio-
ration in motor function. A few patients experienced remark-
able outcomes, including return of bladder and sexual func-
tion. Based on historical SCI data, such positive results cannot
be attributed to spontaneous recovery. The lack of continued
research in humans was halted due to funding shortages from
the sponsoring company. However, these early successes set a
clinical framework for large-scale randomized placebo-
controlled trials and also provide motivation to enhance the
existing technology. Our center is committed to refining the

core OFS devices and has already made new implants that are
more user-friendly and improve data gathering/analysis, and
we are investigating ways to optimize the therapeutic ratio.
The surgical implantation process is straightforward and it is
possible to combine the OFS modality with emerging thera-
pies. Nonetheless, we envision that these improvements to the
OFS platform will evolve into a novel intellectual property
and catalyze a renewed interest for further human testing.
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