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Pulsed electromagnetic ﬁeld (PEMF) therapy can non-invasively treat a variety of pathologies by delivering
electric and magnetic ﬁelds to tissues via inductive coils. The electromagnetic ﬁelds generated by these devices
have been found to aﬀect a variety of biological processes and basic science understanding of the underlying
mechanisms of action of PEMF treatment has accelerated in the last 10 years. Accumulating clinical evidence
supports the use of PEMF therapy in both animals and humans for speciﬁc clinical indications including bone
healing, wound healing, osteoarthritis and inﬂammation, and treatment of post-operative pain and edema. While
there is some confusion about PEMF as a clinical treatment modality, it is increasingly being prescribed by
veterinarians. In an eﬀort to unravel the confusion surrounding PEMF devices, this article reviews important
PEMF history, device taxonomy, mechanisms of action, basic science and clinical evidence, and relevant trends
in veterinary medicine. The data reviewed underscore the usefulness of PEMF treatment as a safe, non-invasive
treatment modality that has the potential to become an important stand-alone or adjunctive treatment modality
in veterinary care.

1. Introduction
Pulsed electromagnetic ﬁeld (PEMF) therapy is a non-invasive, nonthermal treatment that involves pulsing electromagnetic ﬁelds in tissue
to promote healing (Strauch et al., 2009). PEMF devices have been
approved by the U.S. Food and Drug Administration (FDA) to treat nonunion fractures and cleared to treat post-operative pain and edema,
osteoarthritis, and plantar fasciitis. Implementation of PEMF therapy in
veterinary medicine is increasing. Pathologies that are often treated
with PEMF devices include bone fractures, inﬂammation and arthritis,
pain, edema, and chronic wounds. Though there is a growing body of
basic and clinical evidence in support of PEMF treatment as a therapeutic modality, veterinary practitioners and animal owners report
signiﬁcant confusion about PEMF devices largely due to the number of
diﬀerent types of devices and the varying amounts of evidence that
support each type of device. This lack of clarity regarding the PEMF
modality is furthered by poor dissemination of data on mechanisms of
action and a wide variety of unsubstantiated claims that are used for
marketing purposes. In an eﬀort to unravel the confusion surrounding
PEMF devices, this article reviews important PEMF history, device
taxonomy, mechanisms of action, basic science and clinical evidence,
and relevant trends in veterinary medicine. The goal of this overview is
to provide readers with a clearer understanding of the PEMF treatment
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modality, with an emphasis on recent PEMF technologies that are
rooted in basic science and clinical research and are well-positioned to
augment veterinary care.
2. History
Electromagnetic ﬁeld devices have been used therapeutically for
more than a century and for a variety of applications (Fig. 1) (Strauch
et al., 2009). Historically, most devices have had a wide range of operating modes and were largely promoted without scientiﬁc evidence or
validation. The era of modern PEMF technologies began in the 1930s
when a vacuum tube-based diathermy machine, a radio-frequency
electromagnetic device used to deliver heat deep into tissue, was
adapted to produce little to no heat. This was accomplished by reducing
the duty cycle of the diathermy device, or the percentage of the electromagnetic signal's on-oﬀ cycle in which the signal is active, to about
4%. These new non-thermal devices were purported to have therapeutic
eﬀects in wound healing and treatment of pain, though via unknown
mechanisms at the time.
Commercial distribution of these “non-thermal diathermy” devices
started in 1950 (Al-Mandeel and Watson, 2008). In parallel work during
the 1970s, clinician researchers began to employ direct electrical currents to treat non-union fractures, using electrodes surgically implanted
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Fig. 1. 1920's era ﬁscher diathermy machine.
This device is an example of an early pulsed electromagnetic ﬁeld technology
that was used for therapeutic heating of tissue. This device was developed and
sold by Fischer & Co in the early 1920's.

Fig. 3. Targeted pulsed electromagnetic ﬁeld device.
This targeted PEMF device consists of a single loop antenna and battery-powered pulse generator. The targeted PEMF waveform was designed to reduce
inﬂammation in soft tissue. Characteristics of the waveform, such as the long
burst width and the high frequency 27.12 MHz carrier wave, result in very efﬁcient delivery of electric ﬁeld to tissue, and, therein, beneﬁcial clinical eﬀects
with small doses of treatment.

clinical eﬀectiveness. Although devices without FDA clearance are
utilized in human and veterinary care, this review will concentrate on
FDA-cleared devices, as they are supported by basic science and clinical
research studies that help illustrate relevant areas of clinical application
and therapeutic utility in veterinary medicine.

Fig. 2. Modern bone growth stimulator.
This device is an example of a modern bone growth stimulator device use for
treating non-union fractures. When in use, the device is positioned such that the
two coil panels are on opposite sides of the fractured bone. Because of the weak
ﬁelds generated by these devices, they are often used for several hours per day
for weeks or months.

2.1. Taxonomy
PEMF is a type of electrotherapy that employs an active electromagnetic waveform that is typically delivered via an antenna to treat an
area of tissue on a subject. Many diﬀerent types of PEMF devices have
been developed both for research and clinical applications. These
technologies are diﬀerentiated by (1) the shape and strength of the
electromagnetic waveforms they emit, (2) the size and geometry of
antennas used, and (3) the duration and frequency of treatment application. These variables combined determine the strength of the magnetic and electric ﬁelds generated by each device and, ultimately,
whether the devices provide safe and eﬃcacious therapy.
To showcase the intricacy of these variables, Fig. 4A shows the
shape of the waveform used in the original BGS device to promote
healing of non-union fractures. Fig. 4B illustrates the very diﬀerent
waveform used in the targeted PEMF device referenced above, which
has been successfully used to treat pain and inﬂammation (Pilla et al.,
2011). Furthermore, the strength of the magnetic ﬁelds generated by
PEMF devices can vary dramatically from less than one Gauss to several
thousand Gauss. Obviously, not all PEMF signals are alike. Consequently, this substantial variability in device parameters underscores
the necessity of rigorous animal and human research for the sake of
validating individual PEMF therapies for speciﬁc clinical applications.
PEMF waveforms, in the conﬁgurations cleared for human use by
the FDA, were designed to penetrate completely through tissue of all
types, allowing for eﬀective non-invasive delivery of the therapy. These
PEMF devices diﬀer signiﬁcantly from other forms of electrotherapy

in bone (Paterson et al., 1977). By the late 1970s, implanted electrodes
were being replaced with non-invasive inductive antennas (Bassett
et al., 1977). During that period PEMF was successfully used to treat
delayed and non-union fractures in Beagles and, shortly thereafter,
humans. After extensive clinical research, by the early 1980s lowpowered PEMF devices called bone growth stimulators (BGS) were
approved by the U.S. FDA for human use (Fig. 2) (Bassett et al., 1982).
Subsequently, in the 1990's, a next generation class of PEMF devices
was developed for treating soft-tissue instead of bone. These devices
were solid-state and smaller, improving upon the cumbersome large
vacuum tube models.
The growing body of research and clinical evidence supporting
PEMF therapy in the 1980's and 1990's also fostered greater understanding of mechanisms of action (Pilla, 2006). Scientists began to
develop PEMF devices with waveforms designed, a priori, to modulate
speciﬁc biological processes. For example, one device termed “targeted
PEMF” was successfully developed to reduce inﬂammation and has
become a FDA-cleared therapy for treating postoperative pain and
edema (Fig. 3) (Pilla, 2013). Non-targeted PEMF systems, also readily
available, were not speciﬁcally conﬁgured to a known biological target,
and thus demonstrated a wide range of technical speciﬁcations and
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Table 2
Outcome comparison for PEMF treatment of knee osteoarthritis.
Device type

Waveform

Prescribed dose

VAS pain
score

Non-targeted
PEMF

27.1 MHz, 100 μs pulse
width, 1000 Hz pulse
frequency
27.1 MHz, 2 ms pulse
width, 2 Hz pulse
frequency

12 h daily

−25.4%

15 min twice
daily

−38.4%

Targeted PEMF

Bagnato et al., 2016; Nelson et al., 2013.

cleared for use in treating superﬁcial soft tissue all operate using a
shortwave 27.12 MHz carrier wave frequency. However, other key
waveform parameters such as pulse width and pulse frequency are
varied for devices within this class. As mentioned earlier, these waveform parameters determine the strength of the magnetic and electric
ﬁelds generated by a device, and therein its safety and eﬃcacy. Note
that PEMF devices and the electromagnetic ﬁelds that they emit have
both electric ﬁeld and magnetic ﬁeld components that are measureable.
For example, the waveform for one type of device, we can refer to as
“Device A”, has a pulse width of 100 microseconds and a pulse frequency of 1000 Hz. The waveform for another type of device, we can
refer to as “Device B”, has a pulse width of 2 milliseconds and a pulse
frequency of 2 Hz. The diﬀerence in waveforms yields a 7-fold greater
electric ﬁeld strength for Device B as compared to Device A and this
diﬀerence has meaningful consequences for treatment eﬃcacy (see
Osteoarthritis and Table 2 below). In this overview, PEMF technologies
that use waveforms similar to Device A, or those that use waveforms not
speciﬁcally designed to evoke speciﬁc biological eﬀects, are referred to
as non-targeted PEMF devices. Technologies that are similar to Device
B, are referred to as targeted PEMF devices, because their waveforms
are speciﬁcally designed to eﬃciently deliver energy to tissue and
modulate biological signaling cascades. For additional speciﬁcity, devices that are described below will be identiﬁed as low frequency
(≤1000 Hz carrier frequency), often indicating biological eﬀects
stemming from delivery of magnetic ﬁelds, or high frequency
(> 1000 Hz carrier frequency), indicating biological eﬀects stemming
from delivery of electric ﬁelds.

Fig. 4. Waveform diﬀerences between PEMF devices.
The waveform from a bone growth stimulator device consists of 5 millisecond
bursts.
of asymmetrical, rectangular, biphasic waves repeating at 15 Hz. Devices with
this waveform are capable of delivering an electric ﬁeld of approximately 5 V
per meter. B. The waveform from a targeted PEMF device consists of a shortwave 27.12 MHz carrier sine wave that is pulse-modulated with bursts of two
milliseconds repeating at 2 Hz. The targeted PEMF device generates a small
magnetic ﬁeld of 0.05 gauss and a relatively large electric ﬁeld strength of more
than ten volts per meter.

such as transcutaneous electrical stimulation (TENS). In contrast to
PEMF which uses an inductive antenna, TENS units require electrodes
to be placed in contact with the skin. Because of this diﬀerence in the
delivery of energy, TENS units drive current along the surface of the
skin and cannot reach deeper tissue, whereas PEMF devices are able to
deliver therapy to deeper targets (Claydon et al., 2011).
The strongest basic science and clinical research evidence supporting the use of PEMF therapy has been generated in the pursuit of
regulatory approval by the U.S. FDA. Devices with FDA clearance or
approval fall into two primary categories (see Table 1): non-invasive
bone growth stimulators, and nonthermal shortwave diathermy PEMF
devices (which encompass targeted PEMF devices). Additionally, a select few manufacturers have conducted basic and clinical research to
demonstrate the utility of their devices, though they have not sought
regulatory approval by the FDA.
Shortwave nonthermal diathermy devices (Table 1) that are FDA-

2.2. Mechanisms of action
2.2.1. Faraday's law of induction
Michael Faraday was one of the most inﬂuential scientists in history,
a major contributor to the study of electromagnetism and electrochemistry. His main discoveries include the principles underlying
electromagnetic induction, diamagnetism and electrolysis. In the
1830s, Faraday proposed the equations that describe how a timevarying (pulsing) electromagnetic ﬁeld will induce an electrical ﬁeld in
a nearby conductor, like copper or tissue. This principle, Faraday's Law,
is the physical mechanism underlying many PEMF devices that have
non-invasive biological eﬀects (Fig. 5). As mentioned earlier, the

Table 1
FDA-regulated PEMF devices.
Device type

Product code

Example indications

Bone Growth
Stimulator

LOF

Shortwave
Nonthermal
Diathermy PEMF

ILX

Treatment of fracture non-unions Adjunct to
lumbar spinal fusion surgery Adjunct to
cervical fusion surgery Treatment of
congenital pseudarthrosis
Adjunctive use in the palliative treatment of
post-operative pain and edema in superﬁcial
soft tissue

Fig. 5. Faraday's law of induction.
Faraday's Law of Induction is a basic law of electromagnetism that predicts how
a time varying magnetic ﬁeld will interact with an electric circuit to produce
electromotive force. The law states that the induced electromotive force in any
closed circuit is equal to the rate of change of the magnetic ﬂux enclosed by the
circuit. In the ﬁgure, ε represents the electromotive force, N represents the
number of turns in the coil, d ΦB represents the magnetic ﬂux, and dt represents
time. Many PEMF devices operate by inducing electromotive force in conductive targets such as tissues of the human body.
3
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production of cGMP, which drives the release of the growth factors that
support neovascularization, tissue regeneration, and tissue remodeling.
Targeted PEMF, speciﬁcally, has been well-characterized in accelerating this endogenous pathway. Interestingly, the response to treatment is only observed in injured tissues. The targeted PEMF technologies do not themselves cause bone growth or tissue regeneration outside
of the context of injured tissue. This characteristic is likely part of the
reason that these technologies are not associated with any known sideeﬀects nor adverse events when used within clinical guidelines and
indications for use.

characteristics of the electromagnetic pulse (i.e., frequency, duration,
amplitude) determine the magnitude of the magnetic and electrical
ﬁelds delivered to the tissue, and therein, eﬃcacy and safety.
2.2.2. PEMF biophysics
The biophysical and cellular mechanisms through which PEMF
therapies inﬂuence biology are complex and remain an ongoing area of
research focus. However, signiﬁcant progress has been made in identifying some of the pathways that are relevant to the more widely used
PEMF technologies.
For targeted PEMF, the BGS and some non-targeted PEMF devices,
increased calcium ion (Ca2+) signaling has been identiﬁed as a critical
factor underlying the observed biological and clinical eﬀects of PEMF
treatment (Brighton et al., 2001; Pilla et al., 2011). Release of intracellular Ca2+, driven by PEMF exposure, leads to increased binding
of Ca2+ to calmodulin (CaM) and a variety of downstream signaling
pathways related to metabolism, inﬂammation, apoptosis, vascular
tone, and others.
Research studies focused on mechanism have demonstrated that
targeted PEMF induces downstream production of nitric oxide (NO),
one of the few known gaseous signaling molecules. Dr. Louis Ignarro
and colleagues characterized the role of nitric oxide in biology, particularly in reference to its cardiovascular eﬀects. They were later
awarded the Nobel Prize in Physiology or Medicine for their research
(Ignarro, 1990; Ignarro et al., 1987; Ignarro et al., 1981). In addition to
its function as a vasodilator, nitric oxide can potently inﬂuence cells of
the immune system and the nervous system, making it an important
signaling molecule for organism homeostasis (Bogdan, 2001; Calabrese
et al., 2007). Targeted PEMF treatment has been shown to result in
production of low concentrations of nitric oxide, which are associated
with diminished inﬂammation and enhancement of vasodilation
(Bragin et al., 2014; Pilla et al., 2011; Pilla, 2012; Strauch et al., 2009).
As mentioned earlier, targeted PEMF was designed speciﬁcally to manipulate this pathway and can do so more eﬃciently than the BGS or
non-targeted PEMF devices that produce weaker electric ﬁelds (Pilla
et al., 2011; Pilla, 2012).
In the context of the BGS, several studies have found that PEMF
exposure increased expression of bone morphogenetic proteins 2 and 4,
induced osteogenesis, and promoted diﬀerentiation of osteoblast cells,
all of which are consistent with bone repair (Bodamyali et al., 1998;
Petecchia et al., 2015; Tsai et al., 2009). For targeted PEMF, upregulation of nitric oxide production been found to reduce inﬂammatory
gene expression in immune cells, reduce programmed cell death, and
promote dilation of blood vessels and enhanced circulation (Bragin
et al., 2014; Pena-Philippides et al., 2014; Rasouli et al., 2012; Rohde
et al., 2010; Rohde et al., 2015). These results are consistent with reductions in pain, swelling, and inﬂammation that have been observed
clinically.

2.2.4. Heat shock proteins
A number of studies have also found that PEMF treatment can increase the expression of heat shock proteins (HSP), a class of inducible
proteins that are expressed under conditions of stress and have been
associated with a number of cytoprotective and anti-apoptotic eﬀects
(Goodman et al., 1994; Robertson et al., 2007). In particular, HSP70
proteins, a family of intracellular chaperones that are important for
assisting in the process of protein folding, have repeatedly been found
to be induced by non-thermal PEMF treatment (DiCarlo et al., 1999;
Rodriguez de la Fuente et al., 2009; Rodriguez-De la Fuente et al.,
2012).
2.2.5. Adenosine receptor expression
Separately, PEMF (low frequency) has also been linked to cell
membrane adenosine receptor expression. Cadossi and colleagues have
reported that PEMF exposure results in increased expression of the A2A
and A3A adenosine receptors in a variety of cells and tissues (Varani
et al., 2017). Activation of these receptors by endogenous adenosine is
associated with reductions in prostaglandins and inﬂammatory cytokines, again consistent with the published clinical ﬁndings of reduced
pain and inﬂammation.
In contrast to drug therapies, it is becoming clear that PEMF interventions likely operate via a few biological cascades rather than one
narrow signaling pathway. As research into PEMF mechanisms of action
continues to unfold, the gained knowledge will be helpful for further
optimization of device engineering, treatment dosing, and exploration
of new clinical indications.
2.3. Basic science and clinical evidence
2.3.1. Bone healing
Early PEMF technologies were developed speciﬁcally to treat nonunion fractures (Bassett et al., 1977). This type of PEMF, BGS (low
frequency), is currently in use for that purpose and is an established
approach in the orthopedic surgery community. Other indications beyond non-union fracture treatment have emerged including spinal fusion and congenital pseudarthrosis (Table 1).
BGS therapy is a long-term treatment, often used for 8 or more
hours per day for several months. This extended treatment cycle is
necessary, in part, because the BGS, originally developed in the 1970s,
employs a waveform that slowly deposits energy into tissue over time
(Pilla et al., 2011). Even in the face of ineﬃcient energy delivery to a
target bone or tissue, randomized controlled clinical trials (RCT) carried
out to assess the eﬃcacy of BGS interventions have found reductions in
both pain and risk of radiographic fracture non-union (Assiotis et al.,
2012; Bassett et al., 1982; Mooney, 1990; Shi et al., 2013). Authors of a
recent meta-analysis on electrotherapies for bone healing, which also
included direct current and capacitive coupling devices, reported that
“Patients treated with electrical stimulation as an adjunct for bone
healing have less pain and are at reduced risk for radiographic nonunion; functional outcome data are limited and requires increased focus
in future trials” (Aleem et al., 2016).
A small number of veterinary-speciﬁc studies have demonstrated
evidence of clinical utility for BGS devices. For example, in one study
canines were treated with a BGS device (low frequency) or sham for 1 h

2.2.3. Nitric oxide signaling
When increased concentrations of free calcium ions (Ca2+) are
present in the cytoplasm, Ca2+ binds with CaM. Ca2+/CaM binding
activates the constitutive nitric oxide synthase (cNOS), which, in turn,
produces short-bursts of nitric oxide (NO). NO is then able to bind to
soluble guanylyl cyclase and increase production of cyclic guanosine
monophosphate (cGMP). The upregulation of NO and cGMP are known
to activate endogenous anti-inﬂammatory responses, enhance blood
ﬂow and increase production of growth factors required for repairing
tissue. After injury, pro-inﬂammatory cytokines, such as interleukin1beta, are quickly released, initiating a complex inﬂammatory cascade.
This response helps ward oﬀ infection and reduces use of the aﬀected
area. Simultaneously an anti-inﬂammatory cascade is initiated to ensure that the pro-inﬂammatory process does not become overactive and
result in unnecessary tissue damage and serves to initiate healing and
return to homeostasis. Triggering of the CaM/cNOS/NO pathway rapidly reduces the production of pro-inﬂammatory factors and increases
4
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after surgery and was found to reduce pain by 50%, reduce the concentration of the inﬂammatory cytokine interleukin-1beta at the wound
site by 40% and, importantly during this period of opioid crises, reduce
the use of narcotic pain medication by 50%.
PEMF devices have been applied in veterinary trials to assess eﬃcacy of post-operative pain reduction. In a controlled study, a nontargeted PEMF device (low frequency) was applied with or without
morphine to female dogs after ovariohysterectomy for 20 min every
40 min over a period of 6 h after surgery. This study failed to ﬁnd a
beneﬁt of PEMF alone when compared to untreated controls (Shaﬀord
et al., 2002). A more recent randomized, sham-controlled study evaluated the eﬀects of a targeted PEMF device (high frequency) therapy in
dogs with acute intervertebral disc extrusion and paraplegia being
treated with spinal decompression surgery. Targeted PEMF treatment
was applied for 15 min every 2 h for two weeks then twice daily for four
weeks. Treated dogs exhibited signiﬁcant reductions in surgical incision
site pain, lower concentrations of inﬂammatory biomarkers, and improved proprioceptive function compared to controls (Zidan et al.,
2018).

per day after transverse mid-diaphyseal tibial osteotomy (Inoue et al.,
2002). BGS treatment, when compared with sham, was associated with
faster recovery of load-bearing ability, increased bone formation, and
greater mechanical strength of the healing bone. Additionally, a case
study in canines with Legg-Calvé-Perthes disease, a necrotic condition
of the femoral head, found that treatment with a non-targeted PEMF
mat (low frequency) for two months resulted in full recovery and
avoidance of surgical intervention. However, this was a case study and
requires replication in a controlled trial (Pinna et al., 2014).
2.3.2. Osteoarthritis
A non-targeted PEMF device (high frequency) was recently shown
to improve pain and increase function in a RCT involving patients with
knee osteoarthritis (Bagnato et al., 2016). An earlier study, investigating a targeted PEMF device therapy (high frequency) for knee
osteoarthritis also showed signiﬁcant reductions in pain (Nelson et al.,
2013). The comparable study design and clinical populations in these
trials lend to a meaningful comparison of use and eﬀectiveness for the
non-targeted and targeted PEMF devices. The results show that after
one month of treatment, the targeted PEMF device, developed explicitly
to reduce inﬂammation, produced a more pronounced reduction in the
visual analog scale for pain (VAS) and did so at signiﬁcantly lower
doses (12 h daily vs. 30 mins daily) (Table 2). As mentioned above, a
key driver for this diﬀerence in eﬃcacy is the device waveform, which
for the targeted PEMF device generates an electric ﬁeld 7 times stronger
than that of the non-targeted PEMF device.
Veterinary-focused research studies have also demonstrated beneﬁts
of PEMF treatment for osteoarthritis. A non-targeted PEMF device (low
frequency) was found to lessen clinical signs of osteoarthritis in dogs
after 20 18-minute treatments (Pinna et al., 2012). While this study
lacked a sham device control group, the PEMF treatment was compared
to treatment with ﬁrocoxib, a non-steroidal anti-inﬂammatory drug,
and PEMF treatment was found to outperform drug treatment in long
term follow up. Another study found that a non-targeted PEMF device
(low frequency) applied for 1 h on 9 consecutive days reduced osteoarthritis pain in dogs as assessed by their owners. Animal owners
who provided self-report of clinical data in this study, however, were
not blinded, which underscore a need for study replication with a more
rigorous design (Sullivan et al., 2013).

2.3.4. Soft tissue wound healing
Clinical studies examining the eﬀects of PEMF therapy on soft tissue
and wound healing have demonstrated that treatment accelerated the
healing of chronic wounds such as pressure sores and diabetic leg and
foot ulcers. FDA-cleared or -approved PEMF devices are reimbursed by
Centers for Medicare and Medicaid services as safe, eﬀective treatments
for chronic wounds and several studies support the eﬀectiveness of
PEMF for this indication (Kloth et al., 1999; Mayrovitz and Larsen,
1995; Salzberg et al., 1995; Stiller et al., 1992; Strauch et al., 2007). In
a RCT conducted with paraplegic veterans with sacral ulcers, a single
30 min non-targeted PEMF treatment (high frequency) every weekday
for a month resulted in 64% wound closure in the active treatment arm
as compared to a 7% increase in wound size in sham treatment arm
(Kloth et al., 1999).
To investigate how PEMF therapy enhanced wound repair, experiments were carried out to examine potential treatment eﬀects on vascular function, an important aspect of wound healing. A study by
Roland and colleagues found that non-targeted PEMF treatment accelerated the growth of new blood vessels by 5-fold in an arterial loop
transfer in rats (Roland et al., 2000). In a subsequent trial, native arterial blood supply to a rodent tissue ﬂap was cut oﬀ and PEMF was
applied to enhance vascular performance. Whereas the sham treatment
cohort had virtually complete ﬂap failure, animals treated with PEMF
twice daily for 30 min over 8 weeks exhibited signiﬁcant vascularization and virtually complete ﬂap survival (Weber et al., 2004). These
data provide proof of principle that PEMF interventions are eﬀective at
promoting wound healing in part because of enhanced vascularization
and associated tissue perfusion and oxygenation, all of which are important for wound repair.

2.3.3. Inﬂammation, pain, and edema
The acute inﬂammatory cascade that occurs after tissue injury,
whether surgical or traumatic in origin, is an important part of the
recovery process to ﬁght infection, promote tissue remodeling, and
initiate healing. High levels of inﬂammation, both acute and chronic,
often contribute to pain and edema at the site of injury. Several studies
support the eﬀectiveness of PEMF and targeted PEMF as treatments for
inﬂammation, pain and swelling.
Basic science studies conducted by Kubat and colleagues found that
non-targeted PEMF treatment (high frequency) was able to induce gene
expression changes associated with resolution of inﬂammation in
human cells (Kubat et al., 2015). Another non-targeted PEMF device
(high frequency) study reported that continuous PEMF treatment for
7 days after breast surgery resulted in signiﬁcantly lower VAS pain
scores and fewer narcotic pain pills taken (Rawe et al., 2012).
Four double-blind, randomized, controlled human trials have been
conducted using targeted PEMF (high frequency) in patient populations
who underwent breast augmentation, bilateral mastectomy and reconstruction, breast reduction, and transverse rectus abdominus breast
reconstruction, respectively (Heden and Pilla, 2008; Rohde et al., 2010;
Rohde et al., 2015). In all of these studies, targeted PEMF therapy (as
compared with sham treatment) was observed to signiﬁcantly reduce
both pain and narcotic pain medication use following these surgical
procedures. The magnitude of the clinical eﬀects observed in a study
involving breast reduction surgery patients was particularly notable
(Rohde et al., 2010). Targeted PEMF was applied for 20 min every 4 h

2.3.5. Psychiatric & neurological disorders
Development of drug therapies for psychiatric and neurological
disorders has been remarkably unsuccessful. Lack of eﬀective treatment
is most obvious for conditions like major depressive disorder, brain
trauma, stroke, Alzheimer's disease, and a number of other severe disorders.
Preliminary research studies have demonstrated the utility of several PEMF therapies for addressing some of the unmet treatment needs
for these conditions aﬀecting the brain. PEMF appears to be an advantageous therapeutic strategy, particularly because the electromagnetic ﬁelds generated by the devices are able to penetrate the head
and reach the brain tissue being targeted. In vitro studies and studies in
animals have demonstrated that PEMF can promote healing in models
of stroke, traumatic brain injury, brain cancer, and Alzheimer's disease
(Arendash et al., 2010; Grant et al., 1994; Mukthavaram et al., 2015;
Pena-Philippides et al., 2014; Rasouli et al., 2012). Many of these
5
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blood ﬂow, secretion of growth factors, and other pathways that can
contribute to healing.
Apart from pharmacologic agents, a number of non-invasive devices
have been developed and clinically implemented to treat inﬂammatory
conditions and pain in both humans and animals. These technologies
rely upon electromagnetic and mechanical stimulation of tissue to reduce symptomatology and promote healing. As these technologies represent a non-pharmaceutical alternative or adjunct to NSAIDs, they
have been dubbed NPAID® or non-pharmaceutical anti-inﬂammatory
devices.
PEMF devices, described above, provide a non-invasive form of
treatment, both in-oﬃce and at home, that has been repeatedly found
to be safe, eﬀective, and aﬀordable. These characteristics are attractive
for both monotherapy and as an adjunct to traditional standard of care.
PEMF is commonly used adjunctively with NSAIDs and steroidal drugs
to augment clinical beneﬁt or to facilitate administration of lower doses
of drugs, underscoring the trend towards multimodal treatment.
Many veterinary practices also use Class III or IV lasers as an inoﬃce treatment for strains, sprains, osteoarthritis, and wound healing.
Some lasers have also been shown to reduce both pain and inﬂammation (Pryor and Millis, 2015). The risk of retinal and thermal tissue
damage from these devices, however, generally restricts their use to
certiﬁed medical professionals. Lastly, though not anti-inﬂammatory in
mechanism, therapeutic ultrasound, which relies on high frequency
sound wave treatment of tissue, also has a long history of veterinary use
and is gaining further traction as research demonstrates its utility in
treating stiﬀness, pain, and wounds (Kavros et al., 2008; Morishita
et al., 2014; Zhang et al., 2016).

technologies are in the process of transitioning into Phase I and II
clinical trials in humans to assess safety and eﬃcacy.
PEMF treatment may have valuable applications in the treatment of
small and large animal mood and behavioral disorders. This is supported by studies showing that targeted PEMF can reduce inﬂammatory
cytokine production in the brains of laboratory animals after brain injury (Rasouli et al., 2012). Inﬂammatory tone is believed to be an important driver of behavior in both animals and humans (Haroon et al.,
2012). Additional research in humans has found that other forms of
electromagnetic intervention can eﬀectively reduce clinical signs of
depression (Pascual-Leone et al., 1996; Rohan et al., 2014). While
PEMF may be useful tool for veterinary treatment of behavioral disorders, this is a new area of investigation and research studies focused
on speciﬁc conditions will need to be carried out before any conclusions
are drawn.
2.4. Safety
The known dangers of non-ionizing electromagnetic ﬁelds and
radiofrequency ﬁelds are due to thermal eﬀects (e.g., heating caused by
microwave radiation). The Institute for Electrical and Electronics
Engineers Standards for Radio Frequency Electromagnetic Field
Exposure concluded that “A review of the extensive literature on
radiofrequency biological eﬀects, consisting of well over 1300 primary
peer reviewed publications published as early as 1950, reveals no adverse health eﬀects that are not thermally related”. Non-invasive, nonthermal PEMF technologies have a long history of clinical use. Since the
late 1990s, PEMF devices are estimated to have delivered over
3,000,000 treatments without reports of side eﬀects or signiﬁcant adverse events. Underscoring this point, two general reviews of clinical
PEMF use found no evidence of signiﬁcant adverse events nor side-effects in the literature reviewed (Guo et al., 2011; Guo et al., 2012).

3. Conclusions
Early PEMF devices lacked systematic evidence. Natural skepticism
of the utility of PEMF was compounded by unscrupulous marketing,
unsubstantiated claims, and unproven, unregulated devices. However,
in the last 30 years, clinicians and scientists have developed a signiﬁcant volume of research involving cell models, animals, and humans
demonstrating the biological eﬀects and clinical value of PEMF treatment for a variety of conditions. Advancement of this ﬁeld has signiﬁcance for both human and veterinary medicine, particularly in the
areas of pain management, mitigation of inﬂammation, bone healing,
and wound healing. The most rigorous and compelling research has
been conducted on devices that are regulated by the FDA.
Here we have reviewed PEMF history, regulatory status, and key
studies and cases that illustrate clinical utility. These data underscore
the usefulness of PEMF treatment as a safe, non-invasive treatment
modality that has the potential to become an important stand-alone or
adjunctive treatment modality in veterinary care. As the ﬁeld of veterinary medicine continues to mature, further development and implementation of PEMF and other NPAID technologies will serve an
important role in multimodal treatment strategies that aim to maximize
animal wellness.

2.5. Current trends in veterinary medicine
Both small and large animal veterinary practices are adapting to the
currently evolving animal care landscape. Unsurprisingly, the priorities
of pet owners and large animal caretakers are critical drivers of change
and include preference for non-invasive, non-toxic, at-home treatments
that are as feasible and well-tolerated as possible. There is also increasing emphasis on rehabilitation for chronic conditions and postoperative recovery and “prehabilitation” to reduce the risk of injury or
chronic disease, or to condition an animal before surgical repair,
competition or work.
Animal wellness is also an underlying theme for many of the new
initiatives that are being adopted by leading veterinary practices. For
example, recent research innovations have led to the development of
validated instruments for measuring acute and chronic pain in dogs and
cats, lending to pain-management care focused on improving quality of
life (Brondani et al., 2011; Wiseman-Orr et al., 2006). Another eﬀort,
led by Dr. Martin Becker of Fear FreeSM, aims to reduce animal anxiety
during veterinary visits, improving the experience for both animals and
pet owners and also fostering improved compliance and quality of care.
The heightened focus on animal wellness and evolving priorities of
pet owners have also contributed to veterinary treatment plans involving multiple modalities of therapy applied simultaneously or in sequence. Combined modes of treatment can include drugs, surgical intervention, device therapy, nutrition, exercise, manual therapy and
behavior change, and are intended to both optimize clinical outcomes
and minimize adverse eﬀects of treatment. Multipronged treatment
plans are particularly valuable for vexing yet common conditions such
as osteoarthritis-associated pain, in which NSAIDs, steroid drugs, or
opiates are prescribed but can be poorly tolerated and are ill-suited as
long-term solutions for symptom management. In contrast, because of
the multiple signaling pathways at work, PEMF not only address pain
but has been shown to promote resolution of pathology by promoting

Acknowledgments
This research did not receive any speciﬁc grant from funding
agencies in the public, commercial, or not-for-proﬁt sectors.
Declaration of interest
JSG declares no conﬂicts of interest. SH and BTG are paid consultants of Assisi Animal Health.
References
Aleem, I.S., Aleem, I., Evaniew, N., Busse, J.W., Yaszemski, M., Agarwal, A., Einhorn, T.,
Bhandari, M., 2016. Eﬃcacy of electrical stimulators for bone healing: a meta-

6

Research in Veterinary Science 119 (2018) 1–8

J.S. Gaynor et al.

2015. Preclinical Studies Using Nativis Voyager RFE System, a Novel Non-invasive,
Low Energy, Non-thermal, Non-ionizing Radiofrequency Energy (RFE) Device in
Glioblastoma Mouse Models. American Society of Clinical Oncology.
Nelson, F.R., Zvirbulis, R., Pilla, A.A., 2013. Non-invasive electromagnetic ﬁeld therapy
produces rapid and substantial pain reduction in early knee osteoarthritis: a randomized double-blind pilot study. Rheumatol. Int. 33, 2169–2173.
Pascual-Leone, A., Rubio, B., Pallardo, F., Catala, M.D., 1996. Rapid-rate transcranial
magnetic stimulation of left dorsolateral prefrontal cortex in drug-resistant depression. Lancet 348, 233–237.
Paterson, D.C., Carter, R.F., Maxwell, G.M., Hillier, T.M., Ludbrook, J., Savage, J.P., 1977.
Electrical bone-growth stimulation in an experimental model of delayed union.
Lancet 1, 1278–1281.
Pena-Philippides, J.C., Yang, Y., Bragina, O., Hagberg, S., Nemoto, E., Roitbak, T., 2014.
Eﬀect of pulsed electromagnetic ﬁeld (PEMF) on infarct size and inﬂammation after
cerebral ischemia in mice. Transl Stroke Res 5, 491–500.
Petecchia, L., Sbrana, F., Utzeri, R., Vercellino, M., Usai, C., Visai, L., Vassalli, M.,
Gavazzo, P., 2015. Electro-magnetic ﬁeld promotes osteogenic diﬀerentiation of BMhMSCs through a selective action on Ca(2+)-related mechanisms. Sci. Rep. 5, 13856.
Pilla, A.A., 2006. Biological and Medical Aspects of Electromagnetic Fields. CRC Press,
Boca Raton, FL.
Pilla, A.A., 2012. Electromagnetic ﬁelds instantaneously modulate nitric oxide signaling
in challenged biological systems. Biochem. Biophys. Res. Commun. 426, 330–333.
Pilla, A.A., 2013. Nonthermal electromagnetic ﬁelds: from ﬁrst messenger to therapeutic
applications. Electromagn Biol. Med. 32, 123–136.
Pilla, A., Fitzsimmons, R., Muehsam, D., Wu, J., Rohde, C., Casper, D., 2011.
Electromagnetic ﬁelds as ﬁrst messenger in biological signaling: application to calmodulin-dependent signaling in tissue repair. Biochim. Biophys. Acta 1810,
1236–1245.
Pinna, S., Landucci, F., Tribuiani, A.M., Carli, F., Venturini, A., 2012. The eﬀects of pulsed
electromagnetic ﬁeld in the treatment of osteoarthritis in dogs: Clinical Study. Pak.
Vet. J. 33, 96–100.
Pinna, S., Landucci, F., Cella, V., 2014. Pulsed electromagnetic ﬁeld for the treatment of
canine Legg-Calvé-Perthes disease. Pak. Vet. J. 35, 245–247.
Pryor, B., Millis, D.L., 2015. Therapeutic laser in veterinary medicine. Vet. Clin. North
Am. Small Anim. Pract. 45, 45–56.
Rasouli, J., Lekhraj, R., White, N.M., Flamm, E.S., Pilla, A.A., Strauch, B., Casper, D.,
2012. Attenuation of interleukin-1beta by pulsed electromagnetic ﬁelds after traumatic brain injury. Neurosci. Lett. 519, 4–8.
Rawe, I.M., Lowenstein, A., Barcelo, C.R., Genecov, D.G., 2012. Control of postoperative
pain with a wearable continuously operating pulsed radiofrequency energy device: a
preliminary study. Aesthet. Plast. Surg. 36, 458–463.
Robertson, J.A., Thomas, A.W., Bureau, Y., Prato, F.S., 2007. The inﬂuence of extremely
low frequency magnetic ﬁelds on cytoprotection and repair. Bioelectromagnetics 28,
16–30.
Rodriguez De La Fuente, A.O., Alcocer-Gonzalez, J.M., Antonio Heredia-Rojas, J.,
Balderas-Candanosa, I., Rodriguez-Flores, L.E., Rodriguez-Padilla, C., Tamez-Guerra,
R.S., 2009. Eﬀect of 60 Hz electromagnetic ﬁelds on the activity of hsp70 promoter:
an in vitro study. Cell Biol. Int. 33, 419–423.
Rodriguez-De la Fuente, A.O., Alcocer-Gonzalez, J.M., Heredia-Rojas, J.A., RodriguezPadilla, C., Rodriguez-Flores, L.E., Santoyo-Stephano, M.A., Castaneda-Garza, E.,
Tamez-Guerra, R.S., 2012. Eﬀect of 60 Hz electromagnetic ﬁelds on the activity of
hsp70 promoter: an in vivo study. Cell Biol. Int. Rep. 19, e00014.
Rohan, M.L., Yamamoto, R.T., Ravichandran, C.T., Cayetano, K.R., Morales, O.G., Olson,
D.P., Vitaliano, G., Paul, S.M., Cohen, B.M., 2014. Rapid mood-elevating eﬀects of
low ﬁeld magnetic stimulation in depression. Biol. Psychiatry 76, 186–193.
Rohde, C., Chiang, A., Adipoju, O., Casper, D., Pilla, A.A., 2010. Eﬀects of pulsed electromagnetic ﬁelds on interleukin-1 beta and postoperative pain: a double-blind,
placebo-controlled, pilot study in breast reduction patients. Plast. Reconstr. Surg.
125, 1620–1629.
Rohde, C.H., Taylor, E.M., Alonso, A., Ascherman, J.A., Hardy, K.L., Pilla, A.A., 2015.
Pulsed electromagnetic ﬁelds reduce postoperative interleukin-1beta, pain, and inﬂammation: a double-blind, placebo-controlled study in TRAM ﬂap breast reconstruction patients. Plast. Reconstr. Surg. 135, 808e–817e.
Roland, D., Ferder, M., Kothuru, R., Faierman, T., Strauch, B., 2000. Eﬀects of pulsed
magnetic energy on a microsurgically transferred vessel. Plast. Reconstr. Surg. 105,
1371–1374.
Salzberg, C.A., Cooper-Vastola, S.A., Perez, F., Viehbeck, M.G., Byrne, D.W., 1995. The
eﬀects of non-thermal pulsed electromagnetic energy on wound healing of pressure
ulcers in spinal cord-injured patients: a randomized, double-blind study. Ostomy
Wound Manage 41, 42–44 (46, 48 passim).
Shaﬀord, H.L., Hellyer, P.W., Crump, K.T., Wagner, A.E., Mama, K.R., Gaynor, J.S., 2002.
Use of a pulsed electromagnetic ﬁeld for treatment of post–operative pain in dogs: a
pilot study. Vet. Anaesth. Analg. 29, 43–49.
Shi, H.F., Xiong, J., Chen, Y.X., Wang, J.F., Qiu, X.S., Wang, Y.H., Qiu, Y., 2013. Early
application of pulsed electromagnetic ﬁeld in the treatment of postoperative delayed
union of long-bone fractures: a prospective randomized controlled study. BMC
Musculoskelet. Disord. 14, 35.
Stiller, M.J., Pak, G.H., Shupack, J.L., Thaler, S., Kenny, C., Jondreau, L., 1992. A portable
pulsed electromagnetic ﬁeld (PEMF) device to enhance healing of recalcitrant venous
ulcers: a double-blind, placebo-controlled clinical trial. Br. J. Dermatol. 127,
147–154.
Strauch, B., Patel, M.K., Navarro, J.A., Berdichevsky, M., Yu, H.L., Pilla, A.A., 2007.
Pulsed magnetic ﬁelds accelerate cutaneous wound healing in rats. Plast. Reconstr.
Surg. 120, 425–430.
Strauch, B., Herman, C., Dabb, R., Ignarro, L.J., Pilla, A.A., 2009. Evidence-based use of
pulsed electromagnetic ﬁeld therapy in clinical plastic surgery. Aesthet. Surg. J. 29,

analysis of randomized sham-controlled trials. Sci. Rep. 6, 31724.
Al-Mandeel, M., Watson, T., 2008. Pulsed and Continuous Short-Wave Therapy, 12th ed.
Elsevier, New York.
Arendash, G.W., Sanchez-Ramos, J., Mori, T., Mamcarz, M., Lin, X., Runfeldt, M., Wang,
L., Zhang, G., Sava, V., Tan, J., Cao, C., 2010. Electromagnetic ﬁeld treatment protects against and reverses cognitive impairment in Alzheimer's disease mice. J.
Alzheimers Dis. 19, 191–210.
Assiotis, A., Sachinis, N.P., Chalidis, B.E., 2012. Pulsed electromagnetic ﬁelds for the
treatment of tibial delayed unions and nonunions. A prospective clinical study and
review of the literature. J. Orthop. Surg. Res. 7, 24.
Bagnato, G.L., Miceli, G., Marino, N., Sciortino, D., Bagnato, G.F., 2016. Pulsed electromagnetic ﬁelds in knee osteoarthritis: a double blind, placebo-controlled, randomized
clinical trial. Rheumatology (Oxford) 55, 755–762.
Bassett, C.A., Pilla, A.A., Pawluk, R.J., 1977. A non-operative salvage of surgically-resistant pseudarthroses and non-unions by pulsing electromagnetic ﬁelds. A preliminary report. Clin. Orthop. Relat. Res. 128–143.
Bassett, C.A., Mitchell, S.N., Gaston, S.R., 1982. Pulsing electromagnetic ﬁeld treatment
in ununited fractures and failed arthrodeses. JAMA 247, 623–628.
Bodamyali, T., Bhatt, B., Hughes, F.J., Winrow, V.R., Kanczler, J.M., Simon, B., Abbott, J.,
Blake, D.R., Stevens, C.R., 1998. Pulsed electromagnetic ﬁelds simultaneously induce
osteogenesis and upregulate transcription of bone morphogenetic proteins 2 and 4 in
rat osteoblasts in vitro. Biochem. Biophys. Res. Commun. 250, 458–461.
Bogdan, C., 2001. Nitric oxide and the immune response. Nat. Immunol. 2, 907–916.
Bragin, D.E., Statom, G.L., Hagberg, S., Nemoto, E.M., 2014. Increases in microvascular
perfusion and tissue oxygenation via pulsed electromagnetic ﬁelds in the healthy rat
brain. J. Neurosurg. 1–9.
Brighton, C.T., Wang, W., Seldes, R., Zhang, G., Pollack, S.R., 2001. Signal transduction in
electrically stimulated bone cells. J. Bone Joint Surg. Am. 83-A, 1514–1523.
Brondani, J.T., Luna, S.P., Padovani, C.R., 2011. Reﬁnement and initial validation of a
multidimensional composite scale for use in assessing acute postoperative pain in
cats. Am. J. Vet. Res. 72, 174–183.
Calabrese, V., Mancuso, C., Calvani, M., Rizzarelli, E., Butterﬁeld, D.A., Stella, A.M.,
2007. Nitric oxide in the central nervous system: neuroprotection versus neurotoxicity. Nat. Rev. Neurosci. 8, 766–775.
Claydon, L.S., Chesterton, L.S., Barlas, P., Sim, J., 2011. Dose-speciﬁc eﬀects of transcutaneous electrical nerve stimulation (TENS) on experimental pain: a systematic
review. Clin. J. Pain 27, 635–647.
DiCarlo, A.L., Farrell, J.M., Litovitz, T.A., 1999. Myocardial protection conferred by
electromagnetic ﬁelds. Circulation 99, 813–816.
Goodman, R., Blank, M., Lin, H., Khorkova, O., Soo, L., Weisbrot, D., Henderson, A., 1994.
Increased levels of hsp70 transcripts are induced when cells are exposed to low frequency electromagnetic ﬁelds. Bioelectrochem. Bioenerg. 33, 115–120.
Grant, G., Cadossi, R., Steinberg, G., 1994. Protection against focal cerebral ischemia
following exposure to a pulsed electromagnetic ﬁeld. Bioelectromagnetics 15,
205–216.
Guo, L., Kubat, N.J., Isenberg, R.A., 2011. Pulsed radio frequency energy (PRFE) use in
human medical applications. Electromagn Biol. Med. 30, 21–45.
Guo, L., Kubat, N.J., Nelson, T.R., Isenberg, R.A., 2012. Meta-analysis of clinical eﬃcacy
of pulsed radio frequency energy treatment. Ann. Surg. 255, 457–467.
Haroon, E., Raison, C.L., Miller, A.H., 2012. Psychoneuroimmunology meets neuropsychopharmacology: translational implications of the impact of inﬂammation on
behavior. Neuropsychopharmacology 37, 137–162.
Heden, P., Pilla, A.A., 2008. Eﬀects of pulsed electromagnetic ﬁelds on postoperative
pain: a double-blind randomized pilot study in breast augmentation patients. Aesthet.
Plast. Surg. 32, 660–666.
Ignarro, L.J., 1990. Biosynthesis and metabolism of endothelium-derived nitric oxide.
Annu. Rev. Pharmacol. Toxicol. 30, 535–560.
Ignarro, L.J., Lippton, H., Edwards, J.C., Baricos, W.H., Hyman, A.L., Kadowitz, P.J.,
Gruetter, C.A., 1981. Mechanism of vascular smooth muscle relaxation by organic
nitrates, nitrites, nitroprusside and nitric oxide: evidence for the involvement of Snitrosothiols as active intermediates. J. Pharmacol. Exp. Ther. 218, 739–749.
Ignarro, L.J., Buga, G.M., Wood, K.S., Byrns, R.E., Chaudhuri, G., 1987. Endotheliumderived relaxing factor produced and released from artery and vein is nitric oxide.
Proc. Natl. Acad. Sci. U. S. A. 84, 9265–9269.
Inoue, N., Ohnishi, I., Chen, D., Deitz, L.W., Schwardt, J.D., Chao, E.Y., 2002. Eﬀect of
pulsed electromagnetic ﬁelds (PEMF) on late-phase osteotomy gap healing in a canine tibial model. J. Orthop. Res. 20, 1106–1114.
Kavros, S.J., Liedl, D.A., Boon, A.J., Miller, J.L., Hobbs, J.A., Andrews, K.L., 2008.
Expedited wound healing with noncontact, low-frequency ultrasound therapy in
chronic wounds: a retrospective analysis. Adv. Skin Wound Care 21, 416–423.
Kloth, L., Berman, J., Sutton, C., Jeutter, D., Pilla, A., Epner, M., 1999. Eﬀect of Pulsed
Radio Frequency Stimulation on Wound Healing: A Double-Blind Pilot Clinical Study,
Electricity and Magnetism in Biology and Medicine. Springer, pp. 875–878.
Kubat, N.J., Moﬀett, J., Fray, L.M., 2015. Eﬀect of pulsed electromagnetic ﬁeld treatment
on programmed resolution of inﬂammation pathway markers in human cells in
culture. J. Inﬂamm. Res. 8, 59–69.
Mayrovitz, H.N., Larsen, P.B., 1995. A preliminary study to evaluate the eﬀect of pulsed
radio frequency ﬁeld treatment on lower extremity peri-ulcer skin microcirculation of
diabetic patients. In: Wounds. Vol. 7. pp. 90–93.
Mooney, V., 1990. A randomized double-blind prospective study of the eﬃcacy of pulsed
electromagnetic ﬁelds for interbody lumbar fusions. Spine (Phila Pa 1976) 15,
708–712.
Morishita, K., Karasuno, H., Yokoi, Y., Morozumi, K., Ogihara, H., Ito, T., Hanaoka, M.,
Fujiwara, T., Fujimoto, T., Abe, K., 2014. Eﬀects of therapeutic ultrasound on range
of motion and stretch pain. J. Phys. Ther. Sci. 26, 711–715.
Mukthavaram, R., Jiang, P., Nomura, N., Pingle, S.C., Butters, J., Butters, B.M., Kesari, S.,

7

Research in Veterinary Science 119 (2018) 1–8

J.S. Gaynor et al.

applied to a transferred arterial loop support the rat groin composite ﬂap. Plast.
Reconstr. Surg. 114, 1185–1189.
Wiseman-Orr, M.L., Scott, E.M., Reid, J., Nolan, A.M., 2006. Validation of a structured
questionnaire as an instrument to measure chronic pain in dogs on the basis of eﬀects
on health-related quality of life. Am. J. Vet. Res. 67, 1826–1836.
Zhang, C., Xie, Y., Luo, X., Ji, Q., Lu, C., He, C., Wang, P., 2016. Eﬀects of therapeutic
ultrasound on pain, physical functions and safety outcomes in patients with knee
osteoarthritis: a systematic review and meta-analysis. Clin. Rehabil. 30, 960–971.
Zidan, N., Fenn, J., Griﬃth, E., Early, P.J., Mariani, C.L., Munana, K.R., Guevar, J., Olby,
N., 2018. The eﬀect of electromagnetic ﬁelds on postoperative pain and locomotor
recovery in dogs with acute, severe thoracolumbar intervertebral disc extrusion: a
randomized placebo-controlled, prospective clinical trial. J. Neurotrauma.

135–143.
Sullivan, M.O., Gordon-Evans, W.J., Knap, K.E., Evans, R.B., 2013. Randomized, controlled clinical trial evaluating the eﬃcacy of pulsed signal therapy in dogs with
osteoarthritis. Vet. Surg. 42, 250–254.
Tsai, M.T., Li, W.J., Tuan, R.S., Chang, W.H., 2009. Modulation of osteogenesis in human
mesenchymal stem cells by speciﬁc pulsed electromagnetic ﬁeld stimulation. J.
Orthop. Res. 27, 1169–1174.
Varani, K., Vincenzi, F., Ravani, A., Pasquini, S., Merighi, S., Gessi, S., Setti, S., Cadossi,
M., Borea, P.A., Cadossi, R., 2017. Adenosine receptors as a biological pathway for
the anti-inﬂammatory and beneﬁcial eﬀects of low frequency low energy pulsed
electromagnetic ﬁelds. Mediat. Inﬂamm. 10, 1155–1166.
Weber, R.V., Navarro, A., Wu, J.K., Yu, H.L., Strauch, B., 2004. Pulsed magnetic ﬁelds

8

