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Background: Pulsed electromagnetic fields have been shown to reduce postoperative pain, inflammation, and narcotic requirements after breast reduction
and augmentation surgical procedures. This study examined whether pulsed
electromagnetic field therapy could produce similar results in patients undergoing unilateral transverse rectus abdominis myocutaneous (TRAM) flap breast
reconstruction, a significantly more complex and painful surgical procedure.
Methods: In this double-blind, placebo-controlled, randomized study, 32 patients
undergoing unilateral TRAM flap breast reconstruction received active or sham
pulsed electromagnetic field therapy. Pain levels were measured by using a visual
analogue scale; narcotic use and wound exudate volume were recorded starting
1 hour postoperatively. Wound exudates were analyzed for interleukin-1β.
Results: Mean visual analogue scale pain scores were 2-fold higher in the sham
cohort at 5 hours and 4-fold higher at 72 hours (p < 0.01), along with a concomitant 2-fold increase in narcotic use in sham patients (p < 0.01). Wound
exudate volume was 2-fold higher in the sham cohort at 24 hours (p < 0.01),
and mean interleukin-1β concentration in wound exudates of sham patients
was 5-fold higher at 24 hours (p < 0.001).
Conclusions: Pulsed electromagnetic field therapy significantly reduced postoperative pain, inflammation, and narcotic use following TRAM flap breast
reconstruction, paralleling its effect in breast reduction patients. Both studies
also report a significant reduction of interleukin-1β in the wound exudate, supporting a mechanism involving a pulsed electromagnetic field effect on nitric
oxide/cyclic guanosine monophosphate signaling, which modulates the body’s
antiinflammatory pathways. Adjunctive pulsed electromagnetic field therapy
could impact the speed and quality of wound repair in many surgical procedures. (Plast. Reconstr. Surg. 135: 808e, 2015.)
CLINICAL QUESTION/ LEVEL OF EVIDENCE: Therapeutic, I.

oninvasive nonthermal pulsed electromagnetic fields have been used successfully as
adjunctive therapy to accelerate the repair

of delayed and nonunion fractures and chronic
wounds, and the reduction of pain and inflammation.1–5 Recent double-blind, randomized clinical
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studies have reported that disposable pulsed electromagnetic field devices, applied immediately
postoperatively, significantly accelerated pain
reduction and reduced postoperative narcotic
requirements after breast augmentation6,7 and
reduction.8 We demonstrated in the latter study
that pulsed electromagnetic fields also significantly
decreased the levels of interleukin-1β (a principal
inflammatory cytokine involved in pain hypersensitivity) in wound exudates, and wound exudate volume, in the first 24 hours postoperatively.8,9 Since
these clinical reports, basic studies have continued
to demonstrate that pulsed electromagnetic fields
can modulate calmodulin-dependent nitric oxide/
cyclic guanosine monophosphate signaling,10,11 a
primary antiinflammatory and repair pathway.12–15
It has been shown that the effect of pulsed electromagnetic fields on nitric oxide/cyclic guanosine monophosphate signaling decreases the rate
of release of proinflammatory cytokines (e.g.,
interleukin-1β) and augments the release of antiinflammatory cytokines (e.g., interleukin-6 and interleukin-1016–19) and growth factors (e.g., fibroblast
growth factor-220–22) in challenged cells and tissues.
Considered together, this body of results supports
the concept that adjunctive pulsed electromagnetic fields is an important tool for the surgeon to
accelerate the reduction of postsurgical pain and
inflammation, decrease patient morbidity, and
enhance surgical outcomes.
Our initial double-blind randomized pulsed
electromagnetic field study showed significant
reductions in pain, narcotic use, and interleukin1β in breast reduction surgery. This study investigates whether the same adjunctive pulsed
electromagnetic field therapy can accelerate pain
and edema reduction, and decrease narcotic use
and interleukin-1β after transverse rectus abdominis myocutaneous (TRAM) flap breast reconstruction, a significantly more complex and painful
surgical procedure.

undergoing bilateral breast reconstruction or free
flap breast reconstruction were excluded. Thirtytwo consecutive TRAM flap patients, aged 34 to
72 years, were enrolled in this double-blind, placebo-controlled, randomized study. All enrolled
patients gave written informed consent. Randomization was performed by the blinded assignment
of pulsed electromagnetic field devices from a
list of their serial numbers. Breast reconstructions were performed by two surgeons (C.H.R.
and J.A.A.) who have similar TRAM flap surgical
techniques. The surgeon decided whether to use
ipsilateral or contralateral pedicles and used a
fascia-sparing technique. In all cases, the abdominal donor-site fascia was closed primarily, with an
additional onlay of polypropylene mesh. Use of
pulsed electromagnetic field was the only addition to the current standard of care. Jackson-Pratt
drains (10 mm) were placed into the breast and
abdominal donor sites and brought out through
separate stab incisions. These drains were left in
place while the patient remained in the hospital.
This permitted the collection of wound exudates
in the immediate postoperative stages of healing.
Exudates were collected into 15-ml polypropylene
tubes, starting 1 hour postoperatively and at regular intervals, and total volume was recorded. Tubes
were stored at −80°C for subsequent analysis.
Patients were randomly assigned two disposable pulsed electromagnetic field devices placed
within the surgical dressings on the breast flap
and abdominal donor sites (Fig. 1). Pulsed electromagnetic field therapy was identical for both
sites and was delivered by means of disposable
18-cm-diameter coils (Ivivi Health Sciences, San

PATIENTS AND METHODS
This study was approved by the Institutional
Review Board at Columbia University Medical
Center. Before the start of this study, a sample
size analysis, assuming a clinically meaningful 50
± 40 percent (mean ± SD) decrease in pain scores
from pulsed electromagnetic field treatment,23
suggested that a minimum of 11 patients per
group were needed. Patients requiring unilateral
unipedicled TRAM flap breast reconstruction surgery following mastectomy, either immediate or
delayed, were candidates for this study. Patients

Fig. 1. Pulsed electromagnetic field devices placed over the
breast flap and abdominal donor site as shown. Both devices
were activated immediately postoperatively while the patient
was on the recovery stretcher.
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Francisco, Calif.) that were programmed to apply
pulsed electromagnetic fields for 15 minutes every
2 hours. Devices were activated on transfer to the
recovery stretcher and remained in place to continuously deliver the pulsed electromagnetic field
program while the patient was in the hospital. The
pulsed electromagnetic field signal consisted of a
2-msec burst of 27.12-MHz radiofrequency sinusoidal waves repeating at 2 bursts/second.3 Peak
magnetic field was 0.05 G, which induced an average electric field of 4 ± 1 V/m in each target site.
The 18-cm coil produced a therapeutically useful
signal up to 10 cm above and below the plane of
the coil. This ensured adequate depth of signal
penetration (dose) for abdominal/chest wall, subcutaneous, and skin suture line pain. Sham devices
appeared identical to and were used in exactly the
same manner as active devices but produced no
electromagnetic field in tissue. Both sham and
active devices had indicator lights that blinked
during pulsed electromagnetic field application.
These pulsed electromagnetic field devices do
not produce heat, per se, or cause any sensation.
The average in situ magnetic field induced by
the pulsed electromagnetic field signal is at least
1000-fold below the earth’s magnetic field and
is not detectable using standard Gauss meters.
Therefore, only measurements with specialized
laboratory equipment, not normally available in
the recovery or hospital room, could determine
whether a device was active. Physicians, health
professionals, and patients could not determine
whether a device was active or a placebo throughout the study.
Pulsed electromagnetic field signal amplitude and configuration were verified for each
device by a third party, who had no contact with
patients, with a calibrated shielded loop probe
1 cm in diameter (model 100A; Beehive Electronics, Sebastopol, Calif.) connected to a calibrated
100-MHz oscilloscope (model 2012B; Tektronix,
Beaverton, Ore.). Measurement of the pulsed
electromagnetic field signal distribution in a validated saline tissue phantom24 revealed that pulsed
electromagnetic field amplitude in tissue from
active devices was uniform to within ±25 percent.
An additional measure in the tissue phantom
showed that the specific absorption rate, a measure of peak radiofrequency power in tissue, was 1
mW/kg,25,26 which is well below the level at which
temperature could rise above background thermal fluctuations.26
The primary outcome measure in this study was
the rate of decrease of postsurgical pain. Secondary outcomes were interleukin-1β concentration
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dynamics in the wound bed, wound exudate volume, and postoperative narcotic requirements.
Pain levels were assessed by self-evaluation with
a visual analogue scale, previously validated for
postsurgical pain.27,28 Visual analogue scale data
were obtained at intervals starting at 1 hour postoperatively and at specified intervals thereafter
until hospital discharge. Use of narcotic pain
medication (oxycodone/acetaminophen) over
the hospital course was assessed by comparing
pill counts for each group. All patients received
patient-controlled analgesia for initial pain control, and then oxycodone/acetaminophen (Percocet; Endo Pharmaceuticals, Inc., Malvern, Pa.)
as soon as they were able to tolerate oral intake,
usually by postoperative day 1 or 2. Because oxycodone/acetaminophen was the most common
narcotic pain medication taken postoperatively,
an equianalgesic table was used to convert other
narcotics (i.e., morphine, hydromorphone, fentanyl, codeine, and hydrocodone) given in the
immediate postoperative period into Percocet
equivalents.29 This conversion enabled a comparison of pain medication use between active and
sham groups.
Wound exudate was collected hourly starting
at 1 hour postoperatively for the first 6 hours and
at 6- to 12-hour intervals thereafter. All exudate
fluid at each time point was completely removed,
so that samples only contained fluid drained since
the prior fluid collection, allowing volume at each
time point to be recorded. For determination of
interleukin-1β, exudates were thawed, cellular
debris was pelleted by centrifugation, and resulting supernatants were divided into smaller aliquots
and frozen at −80°C until analysis. Interleukin-1β
was quantified using enzyme-linked immunosorbent assay (R&D Systems, Minneapolis, Minn.).
Data were analyzed using one-way analysis of
variance, one-way repeated measures analysis of
variance, t test, or Mann-Whitney rank sum test,
as appropriate. The Pearson product-moment
correlation was used to test for possible relations
between patient variables, such as age and body
mass index, and the primary outcome measure
(SigmaStat 3.5; Systat Software, Inc., San Jose,
Calif.). Intention-to-treat using last value carried
forward was used for missing data.30 Significance
was accepted at p ≤ 0.05.

RESULTS
The portable and disposable pulsed electromagnetic field devices were well tolerated.
Possible adverse events attributable to pulsed
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Table 1. Patient Demographics
Index

Active

Sham

p

Age, yr
BMI

51.1 ± 2.4
24.5 ± 0.84

53.5 ± 2.3
25.1 ± 0.78

0.481
0.623

BMI, body mass index.

electromagnetic field therapy were monitored,
and no adverse events were reported. Thirty-two
consecutive unilateral, unipedicled TRAM flap
patients agreed to participate in the study, resulting in data from 16 active and 16 sham patients
available for analyses. There were no significant
differences in sham versus active groups with
respect to age or body mass index (Table 1).
Nonetheless, to be certain there was no relation between age or body mass index and the
primary outcome measure, the Pearson productmoment correlation for each cohort at each time
point was evaluated. The results showed there
was no significant relation between age or body
mass index and postoperative pain at any time
point (p > 0.05). Two patients withdrew early during the study: one active patient because of an

unrelated skin reaction to a chemotherapeutic
agent, and one sham patient because she had discomfort from the dressings and device and asked
that everything be removed. These patients were
retained for analyses using intention-to-treat (last
value carried forward). Patient flow is shown in
Figure 2.
Mean visual analogue scale scores over the
72-hour postsurgical period were compared both
within and between cohorts. The results show
that visual analogue scale pain scores in the sham
cohort were approximately 2-fold higher than
visual analogue scale scores in the active cohort
at 5 hours postoperatively and approximately
4-fold higher in shams versus the active cohort
at 72 hours (p < 0.01). The overall rate of pain
decrease in the active cohort over 72 hours was
nearly 4-fold faster than that in the sham cohort
(active-to-sham slope ratio, 3.8; p < 0.001). In
addition, visual analogue scale pain score in the
active group was significantly lower by 3 hours
compared with its value at 1 hour (p = 0.025); by
72 hours, it was only 17 percent of starting pain
(p < 0.001). In contrast, the visual analogue scale

Fig. 2. Patient flow chart for randomized clinical trial on pulsed electromagnetic field effect on postoperative pain and inflammation in patients
undergoing TRAM flap breast reconstruction.
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Fig. 3. Effect of pulsed electromagnetic field therapy on postoperative
pain. Mean visual analogue scale (VAS) pain score in the sham cohort
was approximately 2-fold higher than that in the active cohort at 5
hours and approximately 4-fold higher at 48 hours. Visual analogue
scale pain score decreased nearly 2.5-fold faster in the active cohort in
the first 5 hours postoperatively.

pain score in the sham group was not significantly different at 3 hours compared to its value
at 1 hour (p = 0.196) and, by 72 hours, had only
decreased to 63 percent of its value at 1 hour
(p = 0.017), confirming that pulsed electromagnetic field therapy accelerated the rate of postoperative pain decrease by nearly 4-fold. These
results are summarized in Figure 3.
Intercohort comparisons for postoperative
pain are shown in Table 2. As may be seen, mean
visual analogue scale score in the sham cohort is
2-fold higher than that in the active cohort at 5
hours postoperatively and nearly 4-fold higher at
Table 2. Intercohort Comparisons of Mean Visual
Analogue Scale Pain Scores
Hours
Postoperatively
1
3
6
12
24
48
72

Mean VAS Score
Active

Sham

p

5.60 ± 0.75
2.69 ± 0.52
1.71 ± 0.35
1.74 ± 0.41
1.67 ± 0.43
1.01 ± 0.37
0.99 ± 0.37

5.91 ± 0.85
3.77 ± 0.75
3.61 ± 0.78
3.44 ± 0.59
3.48 ± 0.61
3.30 ± 0.59
3.56 ± 0.64

0.911
0.273
0.036*
0.024*
0.023*
0.003*
0.002*

VAS, visual analogue scale.
*Statistically significant.
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72 hours postoperatively. These results confirm
those obtained from the intracohort analyses.
The effect of pulsed electromagnetic fields
on postoperative narcotic use is summarized
in Figure 4. Sham patients required more than
2-fold more narcotic medication (Percocet equivalents) compared with the sham group by 3 hours
postoperatively (p < 0.01). It is also of significance
that patients in the sham group required approximately 6-fold more narcotics than the active group
between 48 and 72 hours. Thus, the active cohort
required a mean of 2.2 ± 0.4 Percocet equivalents
over this time range, compared with a mean of
12.6 ± 1.4 Percocet equivalents in the sham cohort
over the same time range (p < 0.02).
The effect of pulsed electromagnetic fields on
the dynamics of wound exudate volume is summarized in Figure 5. Total wound exudate volume
from both the breast flap and abdominal donor
site in the sham cohort was more than 2-fold higher
in the sham cohort from 6 to 24 hours postoperatively compared with that in the active cohort over
the same time range (p < 0.01). The pulsed electromagnetic field effect on wound exudate volume
was similar for both the abdominal donor and the
breast reconstruction sites. Total exudate volume
from the breast reconstruction site at 24 hours was
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Fig. 4. Effect of pulsed electromagnetic fields on postoperative narcotic
requirements. Sham patients used more than 2-fold more narcotics by
3 hours postoperatively (p < 0.01). In addition, sham narcotic use was
6-fold higher than active use between 48 and 72 hours postoperatively.

Fig. 5. Effect of pulsed electromagnetic fields on wound exudate volume. Total
volume from both the breast flap and the abdominal donor sites is approximately
2-fold higher 6 to 24 hours postoperatively in the sham cohort compared with
that in the active cohort.

168 ± 17 ml in the active cohort and 320 ± 36 ml in
the sham cohort (p < 0.01). Similarly, total exudate
volume from the abdominal donor site at 24 hours
was 164 ± 20 ml in the active cohort compared to
346 ± 46 ml in the sham cohort (p < 0.01).

The effect of pulsed electromagnetic fields
on the dynamics of interleukin-1β in wound exudates from breast flap and abdominal donor sites
is summarized in Figure 6. Interleukin-1β in sham
wound exudates was approximately 4-fold higher
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Fig. 6. Effect of pulsed electromagnetic fields on the dynamics of interleukin (IL)-1β concentration in wound exudates. Results from breast
flap and abdominal donor sites were combined. Interleukin-1β concentration was approximately 4-fold higher at 6 hours postoperatively and
approximately 5-fold higher at 24 hours postoperatively in the sham
cohort compared with the corresponding interleukin-1β concentration
in the active cohort.

at 6 hours postoperatively and approximately
5-fold higher at 24 hours compared with that in
the corresponding wound exudates in the active
cohort. The concentration of interleukin-1β in
the wound exudates collected in the study is consistent with that reported in other studies.31–35 The
pulsed electromagnetic field effect on the dynamics of interleukin-1β in wound exudates correlate
well with the rapid decrease of postoperative pain
in patients in the active cohort.

DISCUSSION
This study shows that a pulsed electromagnetic field signal, known to modulate calmodulindependent nitric oxide signaling, significantly
reduced postoperative pain and inflammation
(serous exudate), use of narcotic medications,
and interleukin-1β in both the breast flap and the
abdominal donor locations following pedicled
TRAM flap breast reconstruction. The effects of
pulsed electromagnetic field therapy on postoperative pain and narcotic use were similar to those
reported in breast augmentation6,7 and reduction8
studies. In addition, the pulsed electromagnetic
field effect on inflammation and interleukin1β was similar to that reported by our group in
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a previous study on breast reductions using the
same pulsed electromagnetic field signal.8,36
The mechanism of action of pulsed electromagnetic field signals is not yet completely elucidated; however, more is known than in our previous
breast reduction study. Recent basic studies have
shown that the radiofrequency pulsed electromagnetic field signal used in this study modulates
calmodulin-dependent nitric oxide/cyclic guanosine monophosphate signaling, an important
antiinflammatory pathway, in challenged cells
and tissues.10,11,26,36 Direct evidence of the immediate effect of pulsed electromagnetic fields on realtime nitric oxide production in a neuronal cell line
challenged with lipopolysaccharide has recently
been reported.11 Other studies have confirmed
that this pulsed electromagnetic field signal can
augment calmodulin-dependent nitric oxide and
cyclic guanosine monophosphate release from
human umbilical vein endothelial cell and fibroblast cultures,10,11,26,36 wherein the calmodulin
antagonists
N-(6-aminohexyl)-5-chloro-1-naphthalenesulfonamide hydrochloride (W-7) and
trifluoperazine were able to block the pulsed electromagnetic field effect on additional nitric oxide
release, supporting a pulsed electromagnetic field
effect on calmodulin activation.10 Furthermore,
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this pulsed electromagnetic field signal has been
shown to enhance microvascular perfusion37 and
neuronal regeneration.38
Neutrophils and macrophages, the first cellular responders in the inflammatory phase of
wound repair,39 produce interleukin-1β, which
in turn can up-regulate inducible nitric oxide
synthase activity, resulting in proinflammatory
amounts of nitric oxide to be released into the
wound bed.40 The calmodulin-dependent nitric
oxide/cyclic guanosine monophosphate signaling
pathway modulates the down-regulation of both
interleukin-1β and inducible nitric oxide synthase.41 Use of pulsed electromagnetic fields has
been reported to down-regulate inducible nitric
oxide synthase at the mRNA and protein levels in
monocytes.42 This pulsed electromagnetic field
signal has been shown to down-regulate the proinflammatory cytokine interleukin-1β and up-regulate the antiinflammatory cytokines interleukin-5,
interleukin-6, and interleukin-10 in fibroblasts
and keratinocytes.16 Pulsed electromagnetic fields
reduced interleukin-1β in cerebrospinal fluid
6 hours after posttraumatic brain injury in a rat
model.19 Pulsed electromagnetic fields downregulated interleukin-1β and up-regulated interleukin-10 in a mouse cerebral ischemia model17
and up-regulated interleukin-10 within 7 days in a
chronic inflammation model in the mouse.18
It follows that the pulsed electromagnetic
field signal as used in this clinical study can have
an antiinflammatory effect by means of modulation of calmodulin/nitric oxide/cyclic guanosine
monophosphate signaling,16 which could downregulate both interleukin-1β and inducible nitric
oxide synthase, and modulate other inflammatory
cytokines. This translates directly to this and our
previous8 clinical study. Indeed, interleukin-1β levels in wound exudates, and the volume of exudate,
of patients treated with active pulsed electromagnetic field coils were significantly reduced in both
studies. These clinical results suggest that pulsed
electromagnetic field therapy can produce endogenous changes in the dynamics of interleukin-1β
availability in the wound bed by means of its effects
on nitric oxide/cyclic guanosine monophosphate
signaling, which should impact the many known
subsequent inflammatory events that are mediated by this cytokine.14,43,44
It is also notable that pulsed electromagnetic
field dosing is important because phosphodiesterase activity, which blocks cyclic guanosine
monophosphate by converting it to guanosine
monophosphate,45 is modulated by this pulsed
electromagnetic field signal as well. The effect of

pulsed electromagnetic field dosing on the competing dynamics of calmodulin-dependent nitric
oxide/cyclic guanosine monophosphate signaling
and phosphodiesterase inhibition of cyclic guanosine monophosphate on pain outcome in breast
reduction patients was recently investigated.46
This study compared several pulsed electromagnetic field signal configurations and showed that
pain outcomes were dependent on the rate of
increased nitric oxide in tissue. The results confirmed that the pulsed electromagnetic field signal used in this and our previous study provided
adequate dosing to have a net positive effect on
postoperative pain reduction.
The clinical implications of our findings
are significant. Certain patients were noticeably
more comfortable and active than others and,
in retrospect, found to be in the active pulsed
electromagnetic field group. The pulsed electromagnetic field devices do not increase the normal
effort or time required to place a postoperative
dressing. The device weighs only 2.4 ounces, fits
easily in a surgical bra or dressings and, once positioned and activated, requires no further intervention. Patients are instructed to remove the
device only for bathing, and to replace the device
in its original position. The cost of the pulsed
electromagnetic field device used in this study
is approximately $200, comparable to that of an
implantable local anesthetic pain pump, which
requires more intervention and use of a bulky
reservoir.47 It is also important to note that there
are no known side effects associated with the use
of pulsed electromagnetic field devices, whereas
narcotic pain medications can cause side effects of
nausea, vomiting, or constipation and have addictive potential. With this in mind, the cost of the
pulsed electromagnetic field device is a fraction
of the cost of treating side effects from narcotics.
The benefits of reducing the severity and duration of the inflammatory phase of wound repair
with noninvasive, nonpharmacologic pulsed electromagnetic field therapy, which can manipulate
the body’s endogenous orchestration of wound
repair with no known side effects, could thus have
a major impact on the reduction of patient morbidity and perhaps surgical recovery and overall
outcomes. This, in turn, may lead to a reduction
in hospital stays, with consequent reductions in
the cost of health care.

CONCLUSIONS
This study provides further evidence that nonthermal radiofrequency pulsed electromagnetic
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field therapy can reduce pain levels and pain medication requirements in the immediate postoperative period, even for complex surgical procedures.
The concomitant reduction of interleukin-1β in
the wound bed is consistent with a pulsed electromagnetic field effect on nitric oxide/cyclic guanosine monophosphate signaling, suggesting that
pulsed electromagnetic fields could have a profound effect on wound repair outcome. As shown
elsewhere,46 the pulsed electromagnetic field dosing used is known to produce a clinically significant
outcome. As these results are confirmed with more
clinical studies, the current availability of both economical and disposable pulsed electromagnetic
field devices could easily translate to many, if not
most, postsurgical situations, potentially leading
to lower morbidity, enhanced surgical healing,
shorter hospital stays, increased productivity, and
a reduction in the cost of health care.
Christine H. Rohde, M.D., M.P.H.
Division of Plastic and Reconstructive Surgery
Columbia University Medical Center
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New York, N.Y. 10032
chr2111@cumc.columbia.edu

acknowledgment

The pulsed electromagnetic field devices used in this
study are cleared by the U.S. Food and Drug Administration for relief of postoperative pain and edema in
superficial soft tissues and were donated by Ivivi Health
Sciences, LLC (San Francisco, Calif.). This article is
dedicated to the memory of Diana Casper, Ph.D., who
played a pivotal role in pulsed electromagnetic field
research and was first to suggest that wound exudate
analysis would help elucidate the mechanism of action of
pulsed electromagnetic fields in the clinical arena.
references
1. Basset CA, Pilla AA, Pawluk R. A non-surgical salvage
of surgically-resistant pseudoarthroses and non-unions
by pulsing electromagnetic fields. Clin Orthop Relat Res.
1977;124:117–131.
2. Aaron RK, Ciombor DM, Simon BJ. Treatment of nonunions
with electric and electromagnetic fields. Clin Orthop Relat Res.
2004; 419:21–29.
3. Pilla AA. Mechanisms and therapeutic applications of time
varying and static magnetic fields. In: Barnes F, Greenebaum
B, eds. Biological and Medical Aspects of Electromagnetic Fields.
Boca Raton, Fla: CRC Press; 2006:351–411.
4. Guo L, Kubat NJ, Nelson TR, Isenberg RA. Meta-analysis of
clinical efficacy of pulsed radio frequency energy treatment.
Ann Surg. 2012;255:457–467.
5. Ross CL, Harrison BS. The use of magnetic field for the
reduction of inflammation: A review of the history and therapeutic results. Altern Ther Health Med. 2013;19:47–54.

816e

6. Hedén P, Pilla AA. Effects of pulsed electromagnetic fields
on postoperative pain: A double-blind randomized pilot
study in breast augmentation patients. Aesthetic Plast Surg.
2008;32:660–666.
7. Rawe IM, Lowenstein A, Barcelo CR, Genecov DG. Control
of postoperative pain with a wearable continuously operating pulsed radiofrequency energy device: A preliminary
study. Aesthetic Plast Surg. 2012;36:458–463.
8. Rohde C, Chiang A, Adipojou O, Casper D, Pilla AA.
Effects of pulsed electromagnetic fields on IL-1β and
post operative pain: A double-blind, placebo-controlled
pilot study in breast reduction patients. Plast Reconstr Surg.
2010;125:1620–1629.
9. Rohde C, Taylor E, Pilla A. Pulsed electromagnetic fields
accelerate reduction of post-operative pain and inflammation: Application to plastic and reconstructive surgical procedures. In: Markov M, ed. Electromagnetic Fields in Biology and
Medicine. Boca Raton, Fla: CRC Press; 2015:297–309.
10. Pilla AA, Fitzsimmons RJ, Muehsam DJ, Rohde C, Wu JK,
Casper D. Electromagnetic fields as first messenger in biological signaling: Application to calmodulin-dependent signaling in tissue repair. Biochim Biophys Acta 2011;10:1236–1245.
11. Pilla AA. Electromagnetic fields instantaneously modulate nitric oxide signaling in challenged biological systems.
Biochem Biophys Res Commun. 2012;426:330–333.
12. Faas GC, Raghavachari S, Lisman JE, Mody I. Calmodulin as a
direct detector of Ca2+ signals. Nat Neurosci. 2011;14:301–304.
13. Bredt DS, Snyder SH. Isolation of nitric oxide synthetase,
a calmodulin-requiring enzyme. Proc Natl Acad Sci USA
1990;87:682–685.
14. Ren K, Torres R. Role of interleukin-1beta during pain and
inflammation. Brain Res Rev. 2009;60:57–64.
15. Werner S, Grose R. Regulation of wound healing by growth
factors and cytokines. Physiol Rev. 2003;83:835–870.
16. Moffett J, Fray LM, Kubat NJ. Activation of endogenous
opioid gene expression in human keratinocytes and fibroblasts by pulsed radiofrequency energy fields. J Pain Res.
2012;12:347–357.
17. Pena-Philippides JC, Yang Y, Bragina O, Hagberg S, Nemoto
E, Roitbak T. Effect of pulsed electromagnetic field (PEMF)
on infarct size and inflammation after cerebral ischemia in
mice. Transl Stroke Res. 2014;5:491–500.
18. Pena-Philippides JC, Hagberg S, Nemoto E, Roitbak T.
Effect of pulsed electromagnetic field (PEMF) on LPSinduced chronic inflammation in mice. In: Markov M, ed.
Electromagnetic Fields in Biology and Medicine. Boca Raton, Fla:
CRC Press; 2015:164–172.
19. Rasouli J, Lekhraj R, White NM, et al. Attenuation of interleukin-1beta by pulsed electromagnetic fields after traumatic
brain injury. Neurosci Lett. 2012;519:4–8.
20. Tepper OM, Callaghan MJ, Chang EI, et al. Electromagnetic
fields increase in vitro and in vivo angiogenesis through
endothelial release of FGF-2. FASEB J. 2004;18:1231–1233.
21. Callaghan MJ, Chang EI, Seiser N, et al. Pulsed electromagnetic fields accelerate normal and diabetic wound healing
by increasing endogenous FGF-2 release. Plast Reconstr Surg.
2008;121:130–141.
22. Goto T, Fujioka M, Ishida M, Kuribayashi M, Ueshima K,
Kubo T. Noninvasive up-regulation of angiopoietin-2 and
fibroblast growth factor-2 in bone marrow by pulsed electromagnetic field therapy. J Orthop Sci. 2010;15:661–665.
23. Li Wan Po A, Petersen B. How high should total pain-relief
score be to obviate the need for analgesic remedication
in acute pain? Estimation using signal detection theory
and individual-patient meta-analysis. J Clin Pharm Ther.
2006;31:161–165.

Volume 135, Number 5 • Effect of Pulsed Electromagnetic Fields
24. McLeod BR, Pilla AA, Sampsel MW. Electromagnetic fields
induced by Helmholtz aiding coils inside saline-filled boundaries. Bioelectromagnetics 1983;4:357–370.
25. Panagopoulos DJ, Johansson O, Carlo GL. Evaluation of specific absorption rate as a dosimetric quantity for electromagnetic fields bioeffects. PLoS One 2013;8:e62663.
26. Pilla AA. Nonthermal electromagnetic fields: From first
messenger to therapeutic applications. Electromagn Biol Med.
2013;32:123–136.
27. Bodian CA, Freedman G, Hossain S, Eisenkraft JB, Beilin Y.
The visual analog scale for pain: Clinical significance in postoperative patients. Anesthesiology 2001;95:1356–1361.
28. Coll AM, Ameen JR, Mead D. Postoperative pain assessment tools in day surgery: Literature review. J Adv Nurs.
2004;46:124–133.
29. Lacy CF, Armstrong LL, Goldman MP, et al. Drug Information
Handbook. 15th ed. Hudson, Ohio: Lexicomp; 2007.
30. Sheiner LB, Rubin DB. Intention-to-treat analysis and the
goals of clinical trials. Clin Pharmacol Ther. 1995;57:6–15.
31. Yager DR, Kulina RA, Gilman LA. Wound fluids: A window into the wound environment? Int J Low Extrem Wounds
2007;6:262–272.
32. Vogt PM, Boorboor P, Vaske B, Topsakal E, Schneider M,
Muehlberger T. Significant angiogenic potential is present in the microenvironment of muscle flaps in humans.
J Reconstr Microsurg. 2005;21:517–523.
33. Baker EA, Leaper DJ. Proteinases, their inhibitors, and
cytokine profiles in acute wound fluid. Wound Repair Regen.
2000;8:392–398.
34. Di Vita G, Patti R, Vetri G, et al. Production of cytokines at
the operation site. G Chir. 2005;26:241–245.
35. Aiba-Kojima E, Tsuno NH, Inoue K, et al. Characterization
of wound drainage fluids as a source of soluble factors associated with wound healing: Comparison with platelet-rich
plasma and potential use in cell culture. Wound Repair Regen.
2007;15:511–520.
36. Pilla AA. Pulsed electromagnetic fields: From first messenger
to healing. In: Markov M, ed. Electromagnetic Fields in Biology
and Medicine. Boca Raton, Fla: CRC Press; 2015:29–47.

37. Bragin D, Statom G, Hagberg S, Nemoto E. Pulsed electromagnetic field (PEMF) increases microvascular perfusion
and tissue oxygenation in the healthy rat brain. J Neurosurg.
2014;5:491--500.
38. Lekhraj R, Cynamon DE, DeLuca SE, Taub ES, Pilla AA,
Casper D. Pulsed electromagnetic fields potentiate neurite
outgrowth in the dopaminergic MN9D cell line. J Neurosci
Res. 2014;92:761–771.
39. Broughton G II, Janis JE, Attinger CE. Wound healing: An
overview. Plast Reconstr Surg. 2006;117(Suppl):1e-S–32e-S.
40. LaPointe MC, Isenović E. Interleukin-1beta regulation
of inducible nitric oxide synthase and cyclooxygenase-2
involves the p42/44 and p38 MAPK signaling pathways in
cardiac myocytes. Hypertension 1999;33:276–282.
41. Chang K, Lee SJ, Cheong I, et al. Nitric oxide suppresses
inducible nitric oxide synthase expression by inhibiting
post-translational modification of IkappaB. Exp Mol Med.
2004;36:311–324.
42. Reale M, De Lutiis MA, Patruno A, et al. Modulation of
MCP-1 and iNOS by 50-Hz sinusoidal electromagnetic field.
Nitric Oxide 2006;15:50–57.
43. Lawrence T. The nuclear factor NF-kappaB pathway
in inflammation. Cold Spring Harb Perspect Biol. 2009;
1:a001651.
44. Chen Y, Boettger MK, Reif A, et al. Nitric oxide synthase
modulates CFA-induced thermal hyperalgesia through cytokine regulation in mice. Mol Pain 2010;6:13–17.
45. Mo E, Amin H, Bianco IH, Garthwaite J. Kinetics of a cellular nitric oxide/cGMP/phosphodiesterase-5 pathway. J Biol
Chem. 2004;279:26149–26158.
46. Taylor E, Hardy K, Alonso A, Pilla A, Rohde C. Impact
of PEMF dosing regimen on reduction of post-operative
pain in breast reduction patients. J Surg Res. 2015;193:
504–510.
47. Liu SS, Richman JM, Thirlby RC, Wu CL. Efficacy of continuous wound catheters delivering local anesthetic for
postoperative analgesia: A quantitative and qualitative systematic review of randomized controlled trials. J Am Coll
Surg. 2006;203:914–932.

817e

