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The growth of pulsed electromagnetic field (PEMF) therapy and its progress over the years for use in post-operative bone growth
has been revolutionary in its effect on bone tissue proliferation and vascular flow. However, further progress in PEMF therapy has
been difficult due to lack of more evidence-based understanding of its mechanism of action. Our objective was to review the
current understanding of bone growth physiology, the mechanism of PEMF therapy action along with its application in spinal
surgery and associated outcomes. The authors of this review examined multiple controlled, comparative, and cohort studies to
compare fusion rates of patients undergoing PEMF stimulation. Examining spinal fusion rates, a rounded comparison of post-fusion
outcomes with and without bone stimulator was performed. Results showed that postoperative spinal surgery PEMF stimulation
had higher rates of fusion than control groups. Though PEMF therapy was proven more effective, multiple factors contributed to
difficulty in patient compliance for use. Extended timeframe of treatment and cost of treatment were the main obstacles to full
compliance. This review showed that PEMF therapy presented an increased rate of recovery in patients, supporting the use of these
devices as an effective post-surgical aid. Given the recent advances in the development of PEMF devices, affordability and access
will be much easier suited to the patient population, allowing for more readily available treatment options.
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INTRODUCTION

Pulsed electromagnetic field (PEMF) therapy is a noninva-
sive post-operative technique that stimulates and facilitates
healing by directing magnetic fields through tissue, utilizing
the movement of electrons to affect the cellular physiology of

excitable cells*. The use of low frequency signals was first in-
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troduced as a new approach for treatment of non-union frac-
tures in the 1970’s by Andrew Bassett™”. While only Food and
Drug Administration (FDA) approved for application in the
USA for non-union fractures, pulsed radiofrequency electro-
magnetic fields later became FDA approved for use of treat-
ment of pain and edema in superficial soft tissues’’. PEMF

therapy has displayed significant effects on excitable and non-
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excitable cells leading to osteogenesis and chondrocyte prolif-
eration®’. It is now accepted that PEMF therapy is capable of
initiating healing processes of non-union fractures, pain relief,
multiple sclerosis, and Parkinson’s disease™ .

Spinal arthrodesis, or spinal fusion, is one of the most com-
mon surgical procedures for the treatment of various spinal
pathologies, with aim to achieve bone fusion at a mobile seg-
ment by the transplantation of autologous, allogenic, or artifi-
cial bone graft to induce bone modeling and remodeling™.
Pseudoarthrosis, the failure of union to develop after fusion,

38,40, . .
). Failure of union can cause

can occur in 5-35% of patients
loss of correction and instrumentation failure or deterioration
of patients’ quality of life, expressing the need for early and
successful bone fusion to provide better clinical outcomes™.
PEMF post-operative therapy can potentially be used to
achieve such success following spinal fusions to decrease re-
covery time and reduce pain*”. PEMF therapy also includes
benefits such as ease of use, relatively low cost, and unique
ability to be brought into patient’s homes without requiring
frequent clinic visits. Additionally, use of PEMF post-opera-
tively does not interfere with surgical techniques or standard
rehabilitation protocols™. Only Class I1I electromagnetic field
devices designed by Orthofix Inc., and approved by the FDA,
reside in the category of bone growth simulation/osteogenesis
stimulation : Physio-Stim, Spinal-Stim, and Cervical-Stim"”
Since electromagnetic therapy FDA approval, PEMF therapy
has been used primarily for non-union fractures as well as for
enhancement of bone formation after lumbar and cervical

. . 24)
spine fusion surgery™".

BONE GROWTH PHYSIOLOGY

The skeletal components of the vertebral column are
formed by endochondral ossification, the formation of carti-
lage from mesenchymal cells and replacement of that cartilage
with bone tissue. In the primary ossification center, mesen-
chymal cells express transcription factors Pax1 and Scleraxis,
activating cartilage-specific genes, and further condense into
nodules that differentiate into chondrocytes. Chondrocytes
divide rapidly, secreting cartilage-specific extracellular matrix,
and increase in volume to become hypertrophic chondrocytes
that become the model for bone. The now large chondrocytes

can produce a specialized matrix that can become mineral-
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ized by calcium carbonate. Finally, surrounding blood vessels
infiltrate, hypertrophic chondrocytes die, and the space be-
comes bone marrow. Groups of cells that surround the carti-
lage differentiate into osteoblasts, cells that begin to form the
bone matrix on the degraded cartilage. Eventually, the carti-
lage is replaced by bone and the endochondral ossification
spreads outwards from the center of the bone'. With the ex-
ception of coccygeal vertebrae, there are three ossification
centers per vertebra : one in its body and one in either neural
arch. The first vertebral body ossification centers in the cervi-
cal spine begin at week eight of development and progresses
caudad; ossification centers in the lower thoracic vertebrae
and first lumbar vertebrae occur at week ten of development
and progresses cephalad and caudad”. Secondary ossification
centers near the ends of the bones form and push out the car-
tilaginous ends of the bone, called epiphyseal growth plates.
This allows bones to grow after birth". Unlike long bones,
however, vertebral body epiphyses never ossify and after the
end of the growth period of life they are reduced to thin carti-
lage called hyaline cartilage, sitting between the vertebral
body and intervertebral disc'’. After primary bone is com-
pletely formed, the bones of the human skeleton constantly
undergo bone modeling during life in order to adapt to chang-
ing biomechanical forces. Bone also undergoes remodeling in
order to replace old, microdamaged bone with newer bone
that increases mechanical strength and preserves overall bone
strength. Remodeling sites develop in a random manner, but
are also targeted to areas needing extra repair”.

Spinal fusion procedures utilize a scaffold that undergo spe-
cialized stages for proper bony fusion : inflammation, vascu-
larization, osteoinduction, osteoconduction, and remodeling,
This process includes primary membranous bone to form
near decorticated bone, endochondral ossification, osteoblast/
osteoclast differentiation, in-growth into host bone, and re-
modeling to increase cortical rim thickness around fusion”.
The process of spinal fusion bone growth relies primarily on
the remodeling process of bone. At bone grafted sites in pos-
terolateral fusions, membranous bone formation begins pri-
marily, and increased volume of woven bone and endochon-
dral ossification can be seen. Interbody fusion, however, is
more demanding biologically as compared to posterolateral
fusion due to the hypo-vascular and low nutrient condition of
the intervertebral space™. Bone metabolism is constant bal-

ance between osteoblast and osteoclast activity, which is regu-
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lated by metabolic, endocrine, and mechanical signaling path-
ways””. Osteoclasts are giant multinucleated cells that
originate from hematopoietic cells in the bone marrow, re-
sponsible for resorption of the calcified matrix of bone
through secretion of acids and collagenolytic enzymes. Differ-
entiation and activation of osteoclasts are dependent on the
receptor activator of nuclear factor kB ligand (RANKL) pro-
duced by osteoblasts, while osteoclast inactivation is con-
trolled in part by osteoprotegerin (OPG), a soluble RANKL
decoy that inhibits osteoclastogenesis by RANKL-RANK-
OPG interaction. Therefore, RANKL and OPG play signifi-
cant roles in bone homeostasis through osteoclast regula-
tion™.

Bone fusion following spinal arthrodesis can be achieved
when the balance of bone homeostasis is shifted towards in-
creased bone formation by the upregulation of osteoblast ac-
tivity, as well as regulation of biological agents that promote
osteoblast activity”. Osteoblast differentiation is stimulated
by local factors such as bisphosphonates and bone morphoge-
netic proteins (BMPs), specifically BMP2 and BMP4. Systemic
signals such as Leptin, parathyroid hormone, growth hor-
mone, or insulin-like growth factor 1, and sex hormones play
significant roles in upregulation of osteoplastic lineage cell de-
velopment™. Factors that may hinder fusion of vertebrae in-
clude long-term use of non-steroidal anti-inflammatory

38
agents and™.

PEMF GENERATORS

For years, PEMF stimulation has aided in accelerating the
healing process of spinal fusions and fracture healing. In order
to understand the mechanism of action, the electrophysiology
of bone tissue must be first accounted for. Broken bone tissue
creates an electrical charge. Bone tissue deposits in regions of
negative charge and is absorbed in areas of positive charge™.
PEMF works by inducing negative charge at the fracture site,
thus stimulating further tissue deposition at that location.
PEMF works at the molecular, cellular, and tissue level.

On the molecular level, PEMF works by stimulating an elec-
trical impulse across the cell membrane of osteoblasts, induc-
ing an intracellular response that activates signaling pathways
immediately. PEMF works by increasing calcium binding to

calmodulin through Ca/CaM pathway". The Ca-Cam com-

488 https://doi.org/10.3340/jkns.2020.0269

plex binds to nitric oxide synthase, catalyzing the release of
nitric oxide. Within seconds, anti-inflammatory effects are
initiated, with blood and lymph flow increased. Pain and ede-
ma starts to decrease within minutes. The NO release causes
conversion of guanosine-5'-triphosphate to cyclic guanosine
monophosphate, stimulating growth factors vascular endo-
thelial growth factor for angiogenesis and tumor necrosis fac-
tor-a for collagen accumulation and granulation®”.

PEMF has varying benefits through the several phases of
bone healing. During initial hematoma formation and angio-
genesis, PEMF stimulates increased blood vessel production.
During the second phase of soft callus formation and miner-
alization of newly formed bone matrix, PEMF stimulates the
calcium influx that activates the signal transduction pathways
and thus growth factor release””. Once the hard callus begins
to mineralize, PEMF further calcifies the fibrocartilage. Dur-
ing the final remodeling phase of lamellar bone formation,
PEMF increases osteoblast deposition rate, thus solidifying
the remodeled bone.

One of the biggest factors in correctly engineering PEMF
devices is proper diagnostics of precise dosage of EMF that the
target location must receive. Several methods of biophysical
dosimetry have developed, including myosin phosphorylation
assay that predicts the efficiency of EMF signals™. The same
signal may have different efficiency depending on the particu-
lar target and medical problem being treated™. PEMF signals
in clinical use have a variety of designs, however the most
widely used wave shape is the sine wave with 60 Hz frequency
in North America and 50 Hz in the rest of the world™. The
tirst approved EMF signal for therapeutic application uses the
pulse burst approach : an asymmetrical signal with a 15 burst
per second repetition rate’”. This signal has proved successful

. . . 30
in use of healing nonunion and delayed bone fractures™.

INDICATIONS

Due to the ramifications of improper bone healing of the
spine affecting musculoskeletal integrity and progressing to
further damage to the bone, it is imperative to determine the
indications for PEMF stimulation". However, not all stimula-
tors are equally effective in all situations and therefore certain
stimulators should be prioritized depending on a patient’s

clinical presentation. Regardless, PEMF stimulators are an



ideal non-invasive option for patients as an adjunct to spinal
surgery as these devices can be worn between 3-8 hours daily
for 3—6 months postoperatively; made even more effective as
these devices can be fitted into a post-operative brace™.

One such device is offered by manufacturer Zimmer Biom-
et”. The Biomet™ EBI bone healing system is primarily indi-
cated in cases of fracture non-union, as well as failed fusions
and appendicular congenital pseudoarthrosis'®. For lumbar
fusions, the Biomet~ SpinalPak is indicated due to its in-
creased rate of healing compared to placebo'. Another set of
devices is offered by Orthofix; the first of which is the Cervi-

™% This device is indicated

cal-Stim Osteogenesis Stimulator
in cases of cervical spine fusion as an adjunct to surgery in pa-
tients at high risk for non-fusion. The Spinal-Stim Osteogene-
sis Stimulator™ is used either as an adjunct to spinal fusion
surgery or treating a previously failed fusion (Simmons et al.
1985)**". The additional benefit here involves 360° of cover-
age at the fusion site and treatment of up to 5 vertebral levels
) A third device from Orthofix is the

Physio-Stim Osteogenesis Stimulator™. Indications for this

with a single device

device includes established nonunion secondary to trauma,
assuming such a defect is less than one-half the width of the
bone to be treated”. As a result of prior clinical studies, we
find that PEMF stimulators provide an effective adjunct to
successful or failed spinal fusion surgery by reducing recovery

. . . 20,
time and incidences of pseudoarthroses™.

NOVEL USES

The greatest benefits of PEMF therapy have been proven for
those suffering traumatic wounds, fractures, and inherited
musculoskeletal disorders. Due to the electrical charge in cell
tissue, EMF signals allow cellular migration to the wound
area, thus preserving metabolic conditions. Current public in-
terest in EMF lies in furthering the aid of alleviating pain. Re-
cent advances in PEMF therapy suggest that certain magnetic
fields aid in treatment of Parkinson’s, Alzheimer, and Reflex
sympathetic disorders where current medical protocol has

done so little””

. PEMF therapy has also been beneficial in
treatment of chronic pain associated with connective tissue
injury and joint-associated soft tissue injury.

Beyond its use in anti-inflammatory mediation and cell

proliferation, PEMF therapy has broadened to different spe-
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cialties like plastic surgery. PEMF has been used as a dual coil
applicator for breast surgery, and as a single coil used for pain
relief after abdominoplasty'. Clinical results show that post-
operative pain and edema disseminates quickly and patients
are generally ready for discharge the first day out of surgery"”.
In the field of Otolaryngology, PEMF therapy has proven ben-
eficial in its ability to enhance circulation and increase vascu-
lar flow in nasal defect surgery. Another novel use in PEMF
therapy is its use of the Ca/CaM/NO pathway for treating
chronic non-healing wounds. Chronically opened wounds

begin closing between 6 to 10 weeks of this treatment™”.

LIMITATIONS

A misconception of PEMF therapy is that the patients must
understand that it is a complementary therapy in addition to
their current post-operative regiment. Post-operative recovery
measures consist of diet and pharmaceutical intervention that
must be compliantly kept up with on the patient’s end, and
therefore PEMF therapy alone will not be responsible in the
healing process if other additive measures are not continuous-
ly adhered to.

One main limitation of PEMF therapy is its ability to induce
oxidative stress. Due to increasing blood flow and circulation
induced by nitric oxide release, oxygen radicals accumulate

and cause harmful effects on the body"

7 Increased oxidative
stress causes cell damage and accelerates development of vari-
ous disease conditions including Alzheimer’s, cancer, and dia-
betes"”. Patients are advised to eat foods high in antioxidants to
counteract these systemic effects. A factor in consideration is its
effects on nerve stimulation. Due to nerve cell stimulation, in-
creased circulation and signal traffic downstream of the nerve
may exacerbate the pain. This commonly occurs in patients
suffering from previous fractures, in which magnetic therapy
stimulation not only causes pain at the current fracture site, but
also at a distal location that once suffered scarring™. In some
instances, electromagnetic therapy may stimulate pain in a ran-
dom location that normally doesn’t experience discomfort.
This may indicate an underlying issue and possible internal
scarring a patient is unaware of. Another limitation of PEMF
therapy is its ability to lower blood pressure and decrease heart
rate’. This can pose risks for elderly patients on blood-pres-

sure-lowering medications, patients with decreased vascular
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reflexes, and immunocompromised patients with systemic
infections™. Many of these patients can faint when rising
from a seated position, so safety concerns must be addressed

before placing these patients on PEMF therapy.

OUTCOMES

The primary aim of PEMF stimulation after spinal surgery
is to facilitate arthrodesis. Arthrodesis, also referred to as fu-
sion, describes the artificial induction of ossification to join
two bones. Successful spinal fusion can be defined radio-
graphically or clinically. The authors of this review identified

four randomized controlled trials (RCTs)”****, two retro-

spective comparative studies™”, two retrospective cohort
studies™, and one case series” that compared fusion rates of
patients who received PEMF stimulation therapy and controls.
The nine included studies are presented in Table 1. Corre-
sponding fusion rates among the six studies designed to in-
clude treatment and control groups are represented by the
graph in Fig. 1. The level of evidence reported by each study
was assessed using the GRADES criteria”. In all studies, fu-
sion was confirmed using radiographic criteria, and patients
were evaluated for solid arthrodesis 9-16 months after spinal
surgery.

The rate of fusion reported by all studies assessing PEMF
stimulation ranged from 64-98%. Patients treated with PEMF

stimulation as an adjunct to spinal surgery had higher rates of

Table 1. Select publications reporting fusion rates in patients treated with PEMF stimulators as an adjunct to spinal surgery.

Study LOI* Procedure  F/U (months) PEMF fusion Control fusion p-value
Coricetal” (2018) 1] ACDF 12 92.6% (201/217) 82.6% (76/92) <0.05
Foley et al.” (2008) I ACDF 12 92.8% (116/125) 86.7% (104/120) >0.05
Simmons et al." (2004) \Y LIF 12 67% (67/100) - -
Linovitz et al.* (2002) | LIF 9 64% (66/104) 43% (48/97) >0.05
Bose” (2001) \Y LIF 16 98% (47/48) - -
Jenis et al.” (2000) [ LIF 12 59% (10/17) 82% (18/22) >0.05
Marks* (2000) 1] LIF 16 97.6% (41/42) 52.6% (10/19) <0.001
Mooney™ (1990) I LIF 12 92.2% (59/64) 67.9% (36/53) <0.005
Di Silvestre and Savini'” (1992) \Y LIF 12 96% (30/31) - -

*Level of evidence was determined using GRADE criteria. PEMP : pulsed electromagnetic field, LOI : level of evidence, F/U : follow up in months, ACDF :

anterior cervical discectomy and fusion, LIF : lumbar interbody fusion
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Fig. 1. Fusion rates reported among patients treated with PEMF versus controls. PEMP : pulsed electromagnetic field.

490 https://doi.org/10.3340/jkns.2020.0269

@ Control



fusion than sham, placebo, or no stimulation control groups.
Among studies comparing this therapy to a control group, fu-
sion rates ranged from 64-97.6% with PEMF stimulation and
43-86.7% for controls. The results of our review are consistent
with three previous meta-analyses. Akhter et al.” published a
recent meta-analysis of the RCTs included in this review and
found the odds ratio of successful fusion with PEMF stimula-
tion relative to control was 2.88 (95% confidence interval [CI],
1.18-7.04; p=0.02). Similarly, in a meta-analysis by Cottrill et
al'” the odds ratio was 2.45 (95% CI, 1.20—4.99) and therefore
authors concluded that patients who received PEMF stimula-
tor therapy had significant improvements in fusion rate rela-
tive to controls (p=0.014). In a meta-analysis by Tian et al."”,
the pooled fusion rate in PEMF clinical studies was 85% (95%
CI, 76-91%).

The PEMF stimulator device can be cumbersome for pa-
tients to use, and thus compliance represents a potential bar-
rier to effective treatment. Patients must wear the PEMF stim-
ulation device for approximately 8 hours each day”’. When
used post-operatively, the overall treatment duration can
range from 3—9 months”™”. In the double-blinded RCT by
Mooney”, less than 80% of the original cohort was included

in the study due to noncompliance.

DISCUSSION WITH PATIENTS

Regarding the patient, questions must be dealt with in order
to alleviate concerns about use and function of PEMF devices.
A primary concern with patients involves invasiveness of the
treatment. Unlike implantable DC electrical stimulators or
semi-invasive percutaneous cathode stimulators, PEMF de-
vices are worn externally in an entirely non-invasive fashion
and in many cases can be fitted into a post-surgical brace™. In
all cases, the devices must be positioned so that the electro-
magnetic coils overlie the region to be treated, while the signal
generator position and strength of the electromagnetic field
will vary based on device model and patient comfort; all of
which can be adjusted accordingly. The electrical current
through the coils will generate a time-varying magnetic field
which induces an electric field within the tissue, stimulating
bone growth”. The strength of the electromagnetic field can
vary based on the device parameters. The most commonly

used PEMF devices come from medical equipment manufac-
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turers Zimmer Biomet (particularly their EBI and SpinalPak
bone healing systems) and Orthofix (including the Physio-
Stim, Cervical-Stim, and Spinal-Stim Osteogenesis Stimula-
tors). Indications for the specific devices are described in de-
tail in the “Indications” section.

Another concern involves timeframe of treatment. Typical-
ly, a surgeon will prescribe a PEMF device to be worn between
3-8 hours daily for 3-9 months post-operatively depending
on the severity of injury and type of stimulator used™. It is
imperative that the surgeon educates the patient on the im-
portance of adhering to the treatment regimen and charging
and maintaining their device to decrease rates of non-compli-
ance. To alleviate issues with non-compliance, both manufac-
turers Zimmer Biomet and Orthofix supply smartphone ap-
plications for the physician to remotely track patient
adherence to treatment allowing the physician flexibility to
tailor the treatment schedule to a patient’s daily routine and
level of commitment to said treatment. Patients with addi-
tional questions are supplied with contact information for
troubleshooting, maintenance, and general device concerns
from both manufacturers””. Incidences of broken devices
are also directly dealt with by the manufacturer for their spe-
cific device.

Ultimately, the main concern dealt with patients involving a
PEMF device involves cost of treatment. Treatment cost of
PEMEF devices can range from $500 and can increase substan-
tially to over $3000

tween patients, with roughly 72% of respondents to a Huang

22,35 . .
Y Further, insurance coverage varies be-

et al.”” study in 2004 having formal coverage for bone stimu-
lator. However, recent policy changes and expanded coverage
allow a physician greater freedom in prescribing PEMF devic-
es to patients assuming the patient meets the criteria for cov-
erage and reimbursement, which includes the aforementioned
indications™*"". As a result, it is imperative patients and physi-
cians properly discuss the level to which insurance will cover
treatment costs as these policies are regularly changed and up-
dated. When analyzing costs of treatment; indirect, direct, in-
tangible and future healthcare expenses must all be factored
in for the patient. Particularly in cases of nonunion fracture
healing, PEMF devices are associated with significantly lower
total healthcare and predicted future healthcare-related costs
and increased rates of recovery compared to unstimulated
treatment or a low intensity pulsed ultrasound stimulator

counterpart (LIPUS)". Wu et al."” determined in a sample of
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11628 patients that predicted future healthcare costs for pa-
tients using a PEMF device was $9100 compared to $10255
and $10354 for LIPUS and non-stimulatory treatment respec-
tively, supporting the notion for these devices as a medically

beneficial as well as a cost-effective adjunct to surgery.

CONCLUSION

In this paper, we presented a comprehensive overview of
PEMF stimulation and its efficacy in spinal fusion. These
highly portable devices have demonstrated decreased long-
term healthcare costs and increased rates of recovery in pa-
tients supporting the notion for these devices as an effective
adjunct to surgery. Issues may arise with patient adherence
due to the length of time required for treatment, and future
research and development will hopefully explore methods of
stimulation that do not require extended periods of wear
throughout the day and decreasing the total length of treat-
ment for full recovery. It is imperative that future studies also
investigate the exact mechanism of action as to how these
bone stimulators increase the rate of healing as there are con-
tlicting reports that implicate extracellular matrix proteins,
growth factor and protein synthesis, increased vascular flow,
osteoblastic proliferation, transmembrane receptor upregula-
tion, or reduction in inflammatory markers as potential tar-
gets of PEMF stimulation"*”. Determining a primary mecha-
nism of action is imperative for potential future therapeutics
to potentially augment the healing process promoted by
PEMEF devices in order to address patient concerns involving
recovery rate and length of treatment. Regardless, the current
state of the literature supports the continued use and further
investigation of PEMF devices as an effective adjunct for pro-

moting bone growth and recovery following spinal surgery.
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