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Microcirculatory effects of pulsed electromagnetic fields
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Abstract

Purpose: Pulsed electromagnetic fields (PEMF) are used clinically to expedite healing of fracture non-unions, however, the
mechanism of action by which PEMF stimulation is effective is unknown. The current study examined the acute effects of PEMF
stimulation on arteriolar microvessel diameters in the rat cremaster muscle. The study hypothesis was that PEMF would increase
arteriolar diameters, a potential mechanism involved in the healing process.

Methods: Local PEMF stimulation/sham stimulation of 2 or 60 min duration was delivered to the cremaster muscle of anes-
thetized rats. Arteriolar diameters were measured before and after stimulation/sham stimulation using intravital microscopy. Sys-
temic hemodynamics also were monitored during PEMF stimulation.

Results: Local PEMF stimulation produced significant (p < 0.001) vasodilation, compared to pre-stimulation values, in cre-
masteric arterioles in anesthetized rats (n = 24). This dilation occurred after 2 min of stimulation (9% diameter increase) and after 1
h of stimulation (8.7% diameter increase). Rats receiving “‘sham” stimulation (» = 15) demonstrated no statistically significant
change in arteriolar diameter following either “sham’ stimulation period. PEMF stimulation of the cremaster (n = 4 rats) did not
affect systemic arterial pressure or heart rate, nor was it associated with a change in tissue environmental temperature.

Conclusions: These results support the hypothesis that local application of a specific PEMF waveform can elicit significant ar-
teriolar vasodilation. Systemic hemodynamics and environmental temperature could not account for the observed microvascular

responses.

© 2003 Orthopaedic Research Society. Published by Elsevier Ltd. All rights reserved.
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Introduction

Pulsed electromagnetic fields (PEMF) promote frac-
ture healing in non-unions and have significant biolo-
gical effects in other tissues such as the heart [2],
connective tissue [1], and the growth rate of the chick
embryo [22]. The molecular mechanism of action of
PEMF stimulation has not yet been determined. Several
studies have suggested that PEMF elicits vascular
changes in vivo [2,12,25]. A recent study by Roland et al.
demonstrated significant neovascularization of an arte-
rial loop created subcutaneously in the rat in response to
chronic PEMF stimulation [21].

The current investigation examined the effect of a
PEMF waveform that has been shown to be clinically
effective in healing fracture non-unions. The microvas-
culature of the striated cremaster muscle of the rat was
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studied before and after localized PEMF stimulation to
examine whether or not acute (2 min) or short-term (1 h)
PEMF stimulation affected microvascular diameters.
PEMF exposure was restricted to the cremaster micro-
vasculature to limit systemic cardiovascular effects. Be-
cause one mechanism for eliciting an angiogenic
response is associated with vasodilation, the study hy-
pothesis was that PEMF stimulation localized to the
cremaster muscle would elicit a measurable change in
arteriolar diameter.

Materials and methods
Pulsed electromagnetic field

The PEMF waveform used clinically in the Physio-Stim PEMF
device (Orthofix, McKinney Texas) was replicated using a Hewlett
Packard waveform generator (model 33120A; Hewlett Packard,
Loveland, CO, USA) connected to a pair of parallel Helmholtz coils 30
mm in diameter. The coils were placed 14 mm above and below the
isolated cremaster muscle of the rat (Fig. 1). The PEMF waveform
is illustrated in Figs. 2 and 3. PEMF field strength measured in the
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Cremasler
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under study

PEMF
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Fig. 1. lllustration of the rat cremasteric preparation used for studying
the microvascular effects of PEMF. The location of the Helmholtz field
coils above and below the cremaster muscle also is illustrated. The
acrylic plastic board upon which the specimen is studied is placed on
the stage of a Leitz LaborLux 12 compound microscope for intravital
microscopic measurement of arteriolar diameters. Used with permis-
sion, Wake Forest University School of Medicine Orthopaedic Man-
ual. Winston-Salem, NC: Orthopaedic Press.
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Fig. 2. Burst of Physio-Stim PEMF as measured within the field
stimulation coils.

apparatus was a positive amplitude of 18.8 T/s and a negative ampli-
tude of 8.0 T/s. The waveform produced by this system was verified ar
the location of the cremaster in each experiment using an electromag-
netic field probe and a oscilloscope (model TDS 220; Tektronix, Wil-
sonville, OR, USA).

PEMF does not create any heat within the target tissue because it is
not a radiofrequency and falis into the electromagnetic spectrum below
the range of infrared radiation. The PEMF coils per se, however, have
the potential to generate heat during activation since a electrical cur-
rent is applied to a coil of wire with an inherent resistivity. The po-
tential for heat generation by the coil apparatus used in the present
experiment was tested using a two channel thermistor system (model
4000A, thermistor probes 427; Yellow Springs Instrument Co., Yellow
Springs, OH) with one thermistor recording coil surface temperature
and the other thermistor recording ambient temperature on the rodent
surgery board 10 cm from the cremaster pedestal. The coil was tested
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Fig. 3. Burst interval of Physio-Stim pulsed electromagnetic waveform
as measured within the field coils.

over a 2 min activation period and a 4 min period immediately fol-
lowing activation with the Physio-Stim PEMF signal. An additional
test was performed placing a thermistor on the pedestal used for mi-
croscopic observations with a ambient temperature reference therm-
istor placed on the rodent surgery board 10 cm from the pedestal. The
temperature at both sites was measured before, during, and after coil
activation of 2 or 60 min.

Animal model

All protocols were approved by the institutional animal care and
use committee. Male Sprague—Dawley rats (Zivic Miller, Zelienople,
PA, USA; n = 43) weighing 98160 g were studied. The animals were
anesthetized with an intraperitoneal injection of urethane (1000 mg/kg
body weight). This anesthetic is used because it maintains microvas-
cular tone. The right cremaster muscle was prepared for microscopic
evaluation according to the method of Dusseau et al. [5]. Briefly, the
right scrotum was opened, the cremaster muscle was dissected from the
testicle, and the testicle was extirpated. The cremaster then was spread
over an 18 mm diameter pedestal and covered with an 18 mm cover-
slip. The rat was placed on a compound microscope stage (LaborLux
12: Leitz, Wetzlar, Germany) and the cremasteric microvasculature
was examined using a 10x objective (Wild, Heerbrugg, Switzerland;
n.a.=0.4) and a 40x objective (Zeiss, Jena, Germany, n.a.=0.65).
Following surgical preparation of the cremaster muscle, every animal
was allowed to stabilize for | h before the experimental protocol was
begun. Microvascular dimensions were measured from video images
captured with a high resolution black and white video camera (Pulnix
TM745E, Subtechnique, Alexandria,VA) using a calibrated video di-
mension analyzer (CIM Solutions, Advance, NC). This instrument uses
an adjustable video cursor with a digital readout of the measurement.
The operator aligns the video cursor with the inner lumen of the blood
vessel and records the digital measurement displayed.

Experimental protocol

Two arterioles (third or fourth order) of each cremaster muscle
were studied. These arterioles were selected based upon their size and
optical clarity. Baseline measurements of arteriolar diameter were
performed using the measurement techniques noted above followed by
exposure to PEMF or sham-PEMF. For sham-PEMF exposure, the
animal was prepared for study as described previously; however, the
electromagnetic coils were not connected to the waveform generator.

The experiments were performed in the following manner. Mea-
surements of microvascular diameter were measured before PEMF
stimulation. These pre-stimulation values were recorded as initial
baseline diameters. The electromagnetic coils then were activated for 2
min, and measurements of arteriolar diameter were made immediately
after cessation of stimulation, at 2 min post-stimulation, and at 5 min
post-stimulation. After an additional 5 min, the stimulation/recording
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paradigm was repeated. The animal then was allowed to rest for
30 min, after which new measurements of pre-stimulus diameter were
performed. PEMF stimulation or sham-PEMF stimulation then was
initiated for 1 h. Post-stimulation measures of diameter were per-
formed immediately and at 10 and 20 min post-stimulation. At the end
of the experiments, the rat was euthanatized.

An additional study was performed to examine whether or not
PEMF stimulation of the cremaster muscle elicited any systemic he-
modynamic response in systemic arterial pressure or heart rate. Rats
(n = 4) were anesthetized and prepared for experimental observations
as above. In addition, the femoral artery was cannulated with a
polyethylene catheter (PES0, Clay Adams, Sparks MD) to monitor
arterial pressure using a recording oscillograph (model WR7700,
Western Graphtech, Irvine, CA). The arterial pressure and heart rate
were monitored before and after PEMF stimulation of the cremaster
muscle using the stimulation waveform parameters noted above for a
period of 2 min.

Data analysis

The microvascular effects of PEMF stimulation were studied in 24
rats; the microvascular effects of sham-PEMF were studied in an ad-
ditional 15 rats. The maximal arteriolar diameter changes associated
with PEMF stimulation or sham-PEMF stimulation were compared to
pre-stimulation values in each animal using Student’s s-test for paired
data. The systemic hemodynamic effects of cremaster PEMF stimula-
tion were detailed before and after PEMF stimulation using descriptive
statistics.

Results

PEMF stimulation of the cremaster muscle in the rat
resulted in significant changes in arteriolar diameters
compared to baseline values. Conversely, sham-PEMF
stimulation did not elicit changes in arteriolar diameter
in the rat cremasteric arterioles. The mean values of the
arteriolar diameters and the standard error of the mean
index of variability (SEM) for both PEMF and sham-
PEMF stimulation are presented in Table 1.

The vasodilatory microvascular effects appeared to be
cumulative because the arteriolar diameters at the end of
the PEMF sessions were significantly larger than the
baseline diameters. The sham stimulation did not pro-
duce any long-term change in arteriolar diameters over
the same time period. An analysis of vessel size-depen-
dent changes was performed because of a possibility of a
size-dependent response to the PEMF. This analysis
revealed no differences in response to PEMF between
small (less than 30 pm diameter) and large (greater than
30 um diameter) arterioles.

Table 1

Mean values of cremasteric arteriolar diameter (in um), reported with
standard error of the mean, recorded before and after 2 min or 1 h of
PEMF (n = 24 rats) or sham-PEMF (n = 15 rats) stimulation

2 min of exposure 60 min of exposure

Before After Before After

PEMF 32023 34927 36.7+2.7 39.9x2.7

Sham- 48.3+3.0 48.8%3.0 479+32 478%34
PEMF

™ p < 0.001.

Table 2

Mean values of mean systemic arterial pressure and heart rate reported
with standard error of the mean, before and after 2 min of PEMF
stimulation of the cremaster muscle of the rat (n = 4 rats)

Before PEMF  After PEMF

234%179 235+20.5
83.0%2.6 838+3.1

Heart rate (beats per min)
Mean arterial pressure (mmHg)

Two minutes of PEMF stimulation of the cremaster
muscle did not elicit a noticeable change in systemic
hemodynamics, either heart rate or mean arterial pres-
sure, after 2 min of exposure. These results are sum-
marized in Table 2.

There were no measurable temperature changes on
the PEMF Helmholtz coil or on the cremaster pedestal
during periods of coil excitation equivalent to experi-
mental exposure with the PEMF signal. This suggests
that excitation of the Helmholtz coil does not result in
the production of thermal energy that could alter the
microvascular dimensions under observation.

Discussion

PEMF is a therapeutic agent that elicits a biological
effect independent of any thermal influence or observ-
able physical interaction with the tissue. Earlier studies
suggest that PEMF induces weak ionic currents in the
tissue [3], possibly leading to stimulation of signaling
pathways at the cell membrane level [1], a concept
supported by the observation that PEMF can alter
cAMP metabolism via alterations in calcium flux in
osteoblast cell culture [4]. PEMF promotes healing in
fresh fractures [11] and fracture non-unions [9] and
stimulates skeletal development in the developing chick
embryo [22]. PEMF has been demonstrated to enhance
osteointegration of hydroxyapatite into cancellous bone
following 6 weeks of once-daily stimulation [6] and fa-
cilitate soft tissue healing in injured ligaments [8,17],
tendons [24], and cartilage [13,20], as well as overall
wound healing [18]. PEMF also stimulates the growth of
vascular endothelial cells in culture [26]. Greenough et al.
[12] have demonstrated that a pulsed burst PEMF
waveform increases the rate of capillary growth in chron-
ically implanted rabbit ear chambers. This observation
supports studies that demonstrated an increased rate of
epithelialization of open wounds following treatment
with PEMF [23]. However, the absolute rate of wound
healing was not significantly different between treated
and control groups, a finding similar to that reported by
Glassman et al. [10] for PEMF treatment to promote
wound healing in rats.

Pre-treatment with PEMF results in enhanced re-
generation of the sciatic nerve in an experimentally in-
jured rat model [15]. The mechanism of this effect could
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be mediated through potentiation of the effects of in-
sulin-like growth factor-one (IGF-1), because IGF-1 has
been shown to stimulate nerve regeneration in a similar
model [16]. Fitzsimmons and Baylink [7] have demon-
strated that PEMF increases IGF-II receptor numbers.

The present study demonstrated that the Physio-Stim
PEMF waveform elicits a physiologic response of mi-
crovascular dilation in the cremaster muscle of the rat.
This response is rapid in onset (following only 2 min of
stimulation) suggesting that it does not require the ex-
pression of a gene for elaboration of a specific protein to
produce an effect, at least for the response noted in the
present study. Although the percent increase in diameter
following PEMF stimulation appears modest, it is im-
portant to recall that resistance to blood flow, as defined
by Poiseuille, is inversely proportional to the radius of
the vessel, to the fourth power (Eq. (1)).

8u length

Resistance = where y is viscosity (N

7 radius®
Therefore, because arterial flow to a tissue is determined
by arterial pressure divided by resistance, a small in-
crease in the vessel radius translates into a large decrease
in resistance and a dramatic increase in flow. The PEMF
signal was applied only to the cremaster muscle. Addi-
tional studies demonstrated that the PEMF signal did
not produce any systemic effects on arterial pressure or
heart rate. Furthermore, the effects of PEMF appear to
be cumulative because the arterioles demonstrated an
approximate 25% overall increase in diameter over the
experimental time-course. This effect compares with no
measurable change observed in microvessel diameter in
the sham-PEMF group (48.3+ 3.0 pm versus 47.8+3.4
um) over the same period. The cumulative effects of
PEMTF stimulation will require further study in order to
clarify the mechanism(s) through which this cumulative
effect occurs. The mechanism responsible for either the
short term or long term effects is unknown. The possi-
bility that PEMF, or the Helmholtz coils used to gen-
erate the PEMF signal, warms the tissue resulting in a
temperature-related vasodilation is not supported by the
temperature measurements of both the Helmholtz coil
and the pedestal upon which the cremaster was studied.
Temperature increases were not measured during or
after PEMF activation at either location.

The present findings are relevant to the study by
Roland et al. [21] who demonstrated a significant in-
crease in neovascularization (angiogenesis) in an in vivo
model of neovascularization in which rats received daily
PEMPF stimulation for 8—-12 weeks. However, the acute
vascular effects of PEMF were not investigated by these
authors. Other microvascular studies suggest that per-
sistent dilation of arterioles can lead to angiogenesis
[14,27]. Milkiewicz et al. [19] have suggested that the
transduction mechanism from arteriolar vasodilation to
angiogenesis is modulated by alterations in shear force.

A similar mechanism could account for the microvas-
cular observations following acute and long term PEMF
exposure.

The observations obtained in the microvascular
model used in the present study necessarily are restricted
to male rats. The cremaster model has been used ex-
tensively for study of the striated muscle microcircula-
tion and is considered to be representative of striated
muscle microvasculature in general. Gender differences
in microvascular responses to PEMF stimulation were
not examined.

Several PEMF signals are used clinically. Other
PEMF signals must be tested in order to determine
whether the vascular responses elicited by PEMF in the
present experiment represent a generalized response to
PEMF or a specific response to a selective waveform. It
is likely that specific responses are associated with spe-
cific waveforms, as Saha et al. have suggested [22]. The
elucidation of the mechanism(s) responsible for either
response is crucial.

Summary: The current study supports the hypothesis
that local application of a specific PEMF waveform can
elicit significant arteriolar vasodilation. Systemic he-
modynamics and environmental temperature could not
account for the observed microvascular responses.

Acknowledgements

This work was supported, in part, by a grant from
Orthofix Inc. (Principal Investigator TLS) and by NIH,
NHLBI T32 HL07868 (DW-G). The authors wish to
thank Dr. Maciej Zborowski of the Cleveland Clinic
Foundation for his help in discussing the physical
properties of the electromagnetic spectrum studied in
this report.

References

[I] Aaron RK, Ciombor DMcK. Therapeutic effects of electromag-
netic fields in the stimulation of connective tissue repair. J Cell
Biochem 1993;52:42-6.

[2] Albertini A, Zucchini P, Noera G, Cadossi R, Napoleone CP,
Pierangeli A. Protective effect of low frequency low energy pulsing
electromagnetic fields on acute experimental myocardial infarcts
in rats. Bioelectromagnetics 1999:20:372-7.

[3] Bassett CA. The development and application of pulsed electro-
magnetic fields (PEMFs) for ununited fractures and arthrodeses.
Orthop Clin North Am 1984;15(1):61-87.

[4] Cain CD, Adey WR, Luben RA. Evidence that pulsed electro-
magnetic fields inhibit coupling of adenylate cyclase by parathy-
roid hormone in bone cells. J Bone Miner Res 1987;2(5):437-41.

[5] Dusseau JW, Smith TL, Hutchins PM. Acute effects of salbutamol
on arteriolar vasodilation and blood pressure in spontaneously
hypertensive rats. Microvas Res 1988;22:1-13.

[6] Fini M, Cadosi R, Cane V, Cavani F, Giavaresi G, Krajewski A,
et al. The effect of pulsed electromagnetic fields on the osteoin-
tegration of hydroxyapatite implants in cancellous bone: a



84 T.L. Smith et al. | Journal of Orthopaedic Research 22 (2004) 80-84

morphologic and microstructural in vivo study. J Orthop Res
2002;20(4):756-63.

[7] Fitzsimmons RJ, Baylink DJ. Growth factors and electromagnetic
fields in bone. Clin Plas Surg 1994;21(3):401-6.

[8] Frank C, Schachar N, Dittruich D, Shrive N, deHaas W, Edwards
G. Electromagnetic stimulation of ligament healing in rabbits.
Clin Orthop Rel Res 1983:175:263-72.

[9] Garland DE, Moses B, Salyer W. Long-term follow-up of fracture
non-unions treated with PEMFs. Contemp Orthop 1991:;22(3):
295-302.

[10] Glassman LS, McGrath MH, Bassett CAL. Effect of external
pulsing electromagnetic fields on the healing of soft tissue. Ann
Plas Surg 1986;16(4):287-95.

[11] Grace KLR, Revell WJ, Brookes M. The effects of pulsed
electromagnetism on fresh fracture healing: osteochondral repair
in the rat femoral groove. Orthopaedics 1998;21(3):297-302.

[12] Greenough CG. The effects of pulsed electromagnetic fields on
blood vessel growth in the rabbit ear chamber. J Orthop Res
1992:10:256-62.

[13] Haas DW. Stimulation of condylar growth in the cat with

pulsating electromagnetic currents. Am J Orthod Dentofac

Orthop 1995;108:599-606.

Hutchins PM, Marshburn TH, Maultsby SJ, Lynch CD, Smith

TL, Dusseau JW. Long term microvascular response to hydral-

azine in spontaneously hypertensive rats. Hypertension 1988:;

12:74-9.

[15] Kanje M, Rusovan A, Sisken B, Lundborg G. Pretreatment of rats
with pulsed electromagnetic fields enhances regeneration of the
sciatic nerve. Bioelectromagnetics 1993;14:353-9,

[16] Kanje M. Skottner A, Lundborg G, Sjoberg I. Does insulin-like
growth factor I (IGF-1) trigger the cell body reaction in the rat
sciatic nerve? Brain Res 1991:563:285-7.

{17] Lin Y, Nishimura R, Nozaki K, Sasaki N, Kadosawa T, Goto N,
et al. Effects of pulsing electromagnetic fields on the ligament
healing in rabbits. J Vet Med Sci 1992:54(5):1017-22.

(14

[18] Markow MS. Electric current and electromagnetic field effects on
soft tissue: implications for wound healing. Wounds 1995:;7(3):94-
110.

[19] Milkiewicz M, Brown MD, Egginton S, Hudlica O. Association
between shear stress, angiogenesis, and VEGF in skeletal muscles
in vivo. Microcirculation 2001;8:229-41.

[20] Norton LA. Pulsed electromagnetic field effects on chondroblast
culture. Reconstr Surg Traumat 1985;19:70-86.

[21] Roland D, Ferder M, Kothuru R, Faierman T, Strauch B. Effects
of magnetic energy on a microsurgically transferred vessel. Plast
Reconstr Surg 2000;105:1371-4.

[22] Saha S, Pal A, Reddy GN, Albright JA. Effect of different
electromagnetic pulsed stimulations on the skeletal growth of
chick embryo. In: Saha S, editor. Biomedical engineering/recent
developments Proceedings of the First Southern Biomedical
Engineering Conference. New York: Pergamon Press; 1982.

[23] Scardinio MS, Swaim SF, Sarin EA, Steiss JE, Spano JS, Hoffman
CE, et al. Evaluation of treatment with a pulsed electromagnetic
field in wound healing. clinicopathologic variables, and central
nervous system activity in dogs. Am J Vet Res 1998:59(9):1177-81.

[24] Watkins JP, Auer JA, Morgan SJ, Gay S. Healing of surgically
created defects in the equine superficial digital flexor tendon:
effects of pulsing electromagnetic field therapy on collagen-type
transformation and tissue morphologic reorganization. Am J Vet
Res 1985:46(10):2097-103.

[25] Winet H. The role of microvasculature in normal and perturbed

bone healing as revealed by intravital microscopy. Bone 1996:

19(1):398-578S.

Yen-Patton GPA, Patton WF, Beer DM, Jacobson BS. Endothe-

lial cells response to pulsed electromagnetic fields: stimulation of

growth rate and angiogenesis in vitro. J Cell Physiol 1988:134:37-46.

[27] Yuan XQ, Smith TL, Prough DS, DeWitt DS, Dusseau JW,
Lynch CD. et al. The long-term effects of nimodipine on pial
microvasculature and systemic circulation in conscious rats. Am
J Physiol 1990;258(5):H1395-1401 [Heart Circ Physiol 27].

126





