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Background: Pulsed electromagnetic fields have been shown to reduce postop-
erative 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 under-
going 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-1f.
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 con-
comitant 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-1f concentration in wound exudates of sham patients
was b-fold higher at 24 hours (p < 0.001).

Conclusions: Pulsed electromagnetic field therapy significantly reduced post-
operative 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-1f in the wound exudate, sup-
porting 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 proce-
dures. (Plast. Reconstr. Surg. 135: 808e, 2015.)
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tion.'”® Recent double-blind, randomized clinical
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studies have reported that disposable pulsed elec-
tromagnetic field devices, applied immediately
postoperatively, significantly accelerated pain
reduction and reduced postoperative narcotic
requirements after breast augmentation®” and
reduction.® We demonstrated in the latter study
that pulsed electromagnetic fields also significantly
decreased the levels of interleukin-1f3 (a principal
inflammatory cytokine involved in pain hypersensi-
tivity) in wound exudates, and wound exudate vol-
ume, in the first 24 hours postoperatively.** Since
these clinical reports, basic studies have continued
to demonstrate that pulsed electromagnetic fields
can modulate calmodulin-dependent nitric oxide/
cyclic guanosine monophosphate signaling,'*!" a
primary antiinflammatory and repair pathway.'*-'®
It has been shown that the effect of pulsed elec-
tromagnetic fields on nitric oxide/cyclic guano-
sine monophosphate signaling decreases the rate
of release of proinflammatory cytokines (e.g.,
interleukin-13) and augments the release of antiin-
flammatory cytokines (e.g., interleukin-6 and inter-
leukin-10'""?) and growth factors (e.g., fibroblast
growth factor-2**?) in challenged cells and tissues.
Considered together, this body of results supports
the concept that adjunctive pulsed electromag-
netic 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 interleukin-
1B in breast reduction surgery. This study inves-
tigates whether the same adjunctive pulsed
electromagnetic field therapy can accelerate pain
and edema reduction, and decrease narcotic use
and interleukin-1f after transverse rectus abdomi-
nis myocutaneous (TRAM) flap breast reconstruc-
tion, a significantly more complex and painful
surgical procedure.

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,®
suggested that a minimum of 11 patients per
group were needed. Patients requiring unilateral
unipedicled TRAM flap breast reconstruction sur-
gery following mastectomy, either immediate or
delayed, were candidates for this study. Patients

undergoing bilateral breast reconstruction or free
flap breast reconstruction were excluded. Thirty-
two consecutive TRAM flap patients, aged 34 to
72 years, were enrolled in this double-blind, pla-
cebo-controlled, randomized study. All enrolled
patients gave written informed consent. Random-
ization was performed by the blinded assignment
of pulsed electromagnetic field devices from a
list of their serial numbers. Breast reconstruc-
tions 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 abdomi-
nal donor-site fascia was closed primarily, with an
additional onlay of polypropylene mesh. Use of
pulsed electromagnetic field was the only addi-
tion 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 regu-
lar intervals, and total volume was recorded. Tubes
were stored at ~80°C for subsequent analysis.
Patients were randomly assigned two dispos-
able pulsed electromagnetic field devices placed
within the surgical dressings on the breast flap
and abdominal donor sites (Fig. 1). Pulsed elec-
tromagnetic field therapy was identical for both
sites and was delivered by means of disposable
18-cm-diameter coils (Ivivi Health Sciences, San

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.

809e



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 con-
tinuously 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 sinu-
soidal waves repeating at 2 bursts/second.’ Peak
magnetic field was 0.05 G, which induced an aver-
age 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, sub-
cutaneous, 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 through-
out the study.

Pulsed electromagnetic field signal ampli-
tude 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 Electron-
ics, Sebastopol, Calif.) connected to a calibrated
100-MHz oscilloscope (model 2012B; Tektronix,
Beaverton, Ore.). Measurement of the pulsed
electromagnetic field signal distribution in a vali-
dated saline tissue phantom?* 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 mea-
sure of peak radiofrequency power in tissue, was 1
mW/kg,**® which is well below the level at which
temperature could rise above background ther-
mal fluctuations.*

The primary outcome measure in this study was
the rate of decrease of postsurgical pain. Second-
ary outcomes were interleukin-1 concentration
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dynamics in the wound bed, wound exudate vol-
ume, and postoperative narcotic requirements.
Pain levels were assessed by self-evaluation with
a visual analogue scale, previously validated for
postsurgical pain.?”#® Visual analogue scale data
were obtained at intervals starting at 1 hour post-
operatively 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 con-
trol, and then oxycodone/acetaminophen (Per-
cocet; Endo Pharmaceuticals, Inc., Malvern, Pa.)
as soon as they were able to tolerate oral intake,
usually by postoperative day 1 or 2. Because oxy-
codone/acetaminophen was the most common
narcotic pain medication taken postoperatively,
an equianalgesic table was used to convert other
narcotics (i.e., morphine, hydromorphone, fen-
tanyl, codeine, and hydrocodone) given in the
immediate postoperative period into Percocet
equivalents.” This conversion enabled a compari-
son 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-1f3, exudates were thawed, cellular
debris was pelleted by centrifugation, and result-
ing supernatants were divided into smaller aliquots
and frozen at —80°C until analysis. Interleukin-1f3
was quantified using enzyme-linked immunosor-
bent assay (R&D Systems, Minneapolis, Minn.).

Data were analyzed using one-way analysis of
variance, one-way repeated measures analysis of
variance, ¢ 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.”® Significance
was accepted at p< 0.05.

RESULTS

The portable and disposable pulsed elec-
tromagnetic 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 51.1+2.4 535 +2.3 0.481
BMI 24.5+0.84 25.1+0.78 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, result-
ing 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 rela-
tion between age or body mass index and the
primary outcome measure, the Pearson product-
moment 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 dur-
ing the study: one active patient because of an

unrelated skin reaction to a chemotherapeutic
agent, and one sham patient because she had dis-
comfort 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

Assessed for eligibility
(n=32)

h

Randomiz

ed (n =32)

A 4

Active (n = 16)

A

Patient withdrew
Retained for analysis

(n=1)
Y
Analyzed
n=16

Sham (n =16)

y

Patient withdrew
Retained for analysis
(n=1)

Y

Analyzed
n=16

Fig. 2. Patient flow chart for randomized clinical trial on pulsed electro-
magnetic 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 signifi-
cantly 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 electromag-
netic field therapy accelerated the rate of post-
operative 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

Mean VAS Score

Hours

Postoperatively Active Sham p

1 5.60 £ 0.75 591 +0.85 0.911
3 2.69 + 0.52 3.77 £ 0.75 0.273
6 1.71 + 0.35 3.61+0.78 0.036*
12 1.74 £ 0.41 3.44 + 0.59 0.024*
24 1.67 £0.43 3.48 +0.61 0.023*
48 1.01 £0.37 3.30 + 0.59 0.003*
72 0.99 +0.37 3.56 + 0.64 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 equiv-
alents) compared with the sham group by 3 hours
postoperatively (p < 0.01). It is also of significance
that patients in the sham group required approxi-
mately 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 sum-
marized 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 postopera-
tively compared with that in the active cohort over
the same time range (p < 0.01). The pulsed elec-
tromagnetic 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.
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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 (< 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 (< 0.01).

The effect of pulsed electromagnetic fields
on the dynamics of interleukin-1f in wound exu-
dates from breast flap and abdominal donor sites
is summarized in Figure 6. Interleukin-1f in sham
wound exudates was approximately 4-fold higher
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Fig. 6. Effect of pulsed electromagnetic fields on the dynamics of inter-
leukin (IL)-1B concentration in wound exudates. Results from breast
flap and abdominal donor sites were combined. Interleukin-1f3 concen-
tration 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-1f3 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-1f in
the wound exudates collected in the study is con-
sistent with that reported in other studies.”’ The
pulsed electromagnetic field effect on the dynam-
ics of interleukin-1p 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 electromag-
netic field signal, known to modulate calmodulin-
dependent nitric oxide signaling, significantly
reduced postoperative pain and inflammation
(serous exudate), use of narcotic medications,
and interleukin-1f in both the breast flap and the
abdominal donor locations following pedicled
TRAM flap breast reconstruction. The effects of
pulsed electromagnetic field therapy on postop-
erative pain and narcotic use were similar to those
reported in breast augmentation®’ and reduction®
studies. In addition, the pulsed electromagnetic
field effect on inflammation and interleukin-
1P was similar to that reported by our group in

814e

a previous study on breast reductions using the
same pulsed electromagnetic field signal.®*

The mechanism of action of pulsed electro-
magnetic field signals is not yet completely eluci-
dated; however, more is known than in our previous
breast reduction study. Recent basic studies have
shown that the radiofrequency pulsed electro-
magnetic field signal used in this study modulates
calmodulin-dependent nitric oxide/cyclic gua-
nosine monophosphate signaling, an important
antiinflammatory pathway, in challenged cells
and tissues.'"!"*%% Direct evidence of the immedi-
ate effect of pulsed electromagnetic fields on real-
time nitric oxide production in a neuronal cell line
challenged with lipopolysaccharide has recently
been reported.! 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 fibro-
blast cultures,'®»'1?6% wherein the calmodulin
antagonists  N-(6-aminohexyl)-5-chloro-1-naph-
thalenesulfonamide hydrochloride (W-7) and
trifluoperazine were able to block the pulsed elec-
tromagnetic field effect on additional nitric oxide
release, supporting a pulsed electromagnetic field
effect on calmodulin activation.'” Furthermore,
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this pulsed electromagnetic field signal has been
shown to enhance microvascular perfusion? and
neuronal regeneration.®

Neutrophils and macrophages, the first cel-
lular responders in the inflammatory phase of
wound repair,® produce interleukin-1f3, 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.* The calmodulin-dependent nitric
oxide/cyclic guanosine monophosphate signaling
pathway modulates the down-regulation of both
interleukin-1f and inducible nitric oxide syn-
thase.* Use of pulsed electromagnetic fields has
been reported to down-regulate inducible nitric
oxide synthase at the mRNA and protein levels in
monocytes.” This pulsed electromagnetic field
signal has been shown to down-regulate the proin-
flammatory cytokine interleukin-1f3 and up-regu-
late the antiinflammatory cytokines interleukin-5,
interleukin-6, and interleukin-10 in fibroblasts
and keratinocytes.'® Pulsed electromagnetic fields
reduced interleukin-18 in cerebrospinal fluid
6 hours after posttraumatic brain injury in a rat
model.” Pulsed electromagnetic fields down-
regulated interleukin-1f3 and up-regulated inter-
leukin-10 in a mouse cerebral ischemia model'”
and up-regulated interleukin-10 within 7 days in a
chronic inflammation model in the mouse.'

It follows that the pulsed electromagnetic
field signal as used in this clinical study can have
an antiinflammatory effect by means of modula-
tion of calmodulin/nitric oxide/cyclic guanosine
monophosphate signaling,'® which could down-
regulate both interleukin-1f and inducible nitric
oxide synthase, and modulate other inflammatory
cytokines. This translates directly to this and our
previous® clinical study. Indeed, interleukin-1{3 lev-
els in wound exudates, and the volume of exudate,
of patients treated with active pulsed electromag-
netic field coils were significantly reduced in both
studies. These clinical results suggest that pulsed
electromagnetic field therapy can produce endog-
enous changes in the dynamics of interleukin-1f3
availability in the wound bed by means ofits effects
on nitric oxide/cyclic guanosine monophosphate
signaling, which should impact the many known
subsequent inflammatory events that are medi-
ated by this cytokine.'*##

It is also notable that pulsed electromagnetic
field dosing is important because phosphodi-
esterase activity, which blocks cyclic guanosine
monophosphate by converting it to guanosine
monophosphate,* is modulated by this pulsed
electromagnetic field signal as well. The effect of

pulsed electromagnetic field dosing on the com-
peting dynamics of calmodulin-dependent nitric
oxide/cyclic guanosine monophosphate signaling
and phosphodiesterase inhibition of cyclic guano-
sine monophosphate on pain outcome in breast
reduction patients was recently investigated.*
This study compared several pulsed electromag-
netic field signal configurations and showed that
pain outcomes were dependent on the rate of
increased nitric oxide in tissue. The results con-
firmed that the pulsed electromagnetic field sig-
nal 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 electro-
magnetic 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 posi-
tioned and activated, requires no further inter-
vention. 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.*” 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 addic-
tive 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 dura-
tion of the inflammatory phase of wound repair
with noninvasive, nonpharmacologic pulsed elec-
tromagnetic 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 mor-
bidity 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 non-
thermal radiofrequency pulsed electromagnetic
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field therapy can reduce pain levels and pain med-
ication requirements in the immediate postopera-
tive period, even for complex surgical procedures.
The concomitant reduction of interleukin-1f in
the wound bed is consistent with a pulsed electro-
magnetic field effect on nitric oxide/cyclic gua-
nosine monophosphate signaling, suggesting that
pulsed electromagnetic fields could have a pro-
found effect on wound repair outcome. As shown
elsewhere,* the pulsed electromagnetic field dos-
ing used is known to produce a clinically significant
outcome. As these results are confirmed with more
clinical studies, the current availability of both eco-
nomical 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
areduction in the cost of health care.

Christine H. Rohde, M.D., M.P.H.

Division of Plastic and Reconstructive Surgery
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