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Electromagnetic Fields Can Affect
Osteogenesis by Increasing

the Rate of Differentiation
Patricia S Landry, PhD*; Kalia K. Sadasivan, MD*;

Andrew A. Marino, PhD*»**; and James A. Albright, MD*

Electromagnetic fields of various kinds can al
ter osteogenesis in animals with osteotomies
and patients with nonunions, but the underly
ing cellular mechanisms are unknown. The
aims of this study were to determine whether 1
gauss at 60 Hz affected periosteal proliferation
and differentiation in either the normal rat
tibia or 1 to 14 days after a surgically induced
defect. In the injured rats, using histologic
study, autoradiography, and morphometry, it
was found that exposure for 1 or 3 days had no
effect on proliferation but that it produced an
increase in osteoblasts 3 days after the injury.
Proliferation and differentiation were unaf
fected by exposure in the absence of injury.
The results suggest that the primary effect of
the fields was to promote differentiation but
not proliferation. Because fields can stimulate
proliferation of osteoblastlike cells in vitro, the
results of this study may indicate the presence
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of an in vivo factor that antagonizes the ten
dency of fieldsto increase mitotic activity.

Animal studies have shown the phenomenon
of electrically induced osteogenesis, as as
sessed on the basis of histologic, biomechani
cal, and cellular endpoints 91324262931 p|
though not every study reports the effect, and
[not all positive reports describe a beneficial
effect, it generally has been observed that
there exists a threshold and upper limit within
which stimulatory effects of electromagnetic
fields on bone growth are produced.®*¢
The mechanisms leading to observed effects
have not been established, and various theo
|ri es ha\/e been propo%d.5'12'17’18’21'22'25’30

At least 3 processes could account for the
effects of fields on bone. Fields could in
crease proliferation of osteoprogenitor cells,
the most differentiated osteoblast precursors
retaining the ability to proliferate. They could
modulate the fraction of osteoprogenitor cells
destined to differentiate into osteoblasts. In
creased proliferation and differentiation are
capable independently of increasing the osteo
blast population, thereby increasing the net
amount of synthesized matrix without altering
mean matrix production per cell. Finaly,
fields could serve as an agonist for 1 or more
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of the cytokines that control matrix synthesis;
osteoblast metabolism would then be upregu
lated, leading to more matrix synthesis per
cell. Various in vitro studies provide support
for al 3 possibilities!®t8192327: thys, in
vivo studies are needed to facilitate evalua
tion of the relative importance of the various
possibilities.

If fields affected proliferation in animal or
human studies, it would be plausible to ex
pect that the effect might escape regulation
in some cases, leading to oncogenesis. But
despite many animal studies and a diverse
clinical experience,>®® no instances of field
induced oncogenesis have been documented.
This is some evidence that exposure does not
increase mitosis. In addition, in human stud
ies the field induced bone growth typically
was confined to the fracture gap and adjacent
bone and did not occur in more distant areas,
even though such areas experienced a stimu
lus that was comparable with that experi
enced by cells in the fracture gap.®® This ob
servation also suggests that fields primarily
affect differentiation, not proliferation, be
cause an effect on proliferation would be ex
pected to result in callus formation on corti
cal bone in regions distant from the fracture
gap, events that are not observed. The effect
of field exposure on resting and injury in
duced proliferation and differentiation was
measured in an animal model as a means of
assessing the mechanism that mediates the
effect of electromagnetic fields on bone.

SUBJECTSAND METHODS
Animals

Mature male Fischer rats (Harlan Sprague-Dawley,
Indianapolis, TN) were used in al studies; they were
caged individually with alight to dark cycle of 12:12
(light commencing at 6:00 am.), and fed and watered
on demand. The animals were not used until they
reached a body weight of 200 grams, which required
aminimum of 1 week after they were received.

A unilateral defect was made in the anteromedial
region of the tibia, inferior to the saphenous artery
bifurcation; the data reported here pertain to the
response within this region of interest, which was 6 x
2 mm (located 7—3 mm distal to the tibial crest
notch). After the animals were anesthetized (sodium

pentoharbital, intraperitoneal, 50 mg/kg), the limb
was shaved, and a 1.5-cm incision was made through
the skin directly over the tibia crest, with care not to
injure the underlying bone and adjacent muscle. The
superficial fascia was separated from the overlying
skin on all sides of the incision, and the skin was
retracted to expose the tibia. In 1 group of rats, a
defect 1.1 mm in diameter and approximately 0.5
mm deep was placed in the center of the region of
interest using a hand held jeweler’s burr. To eliminate
an influence of the endosteum and marrow on the
healing response, care was taken to ensure that the
defect did not penetrate the medullary cavity.

After the operation, the rats were assigned ran
domly to 1 of 3 groups (30 rats/group). The first
group was exposed to the fields for 24 hours com
mencing at recovery from the anesthesia. The ratsin
the second group were exposed for 3 days (from
anesthesia recovery), and the third group received no
exposure (sham field group). To control for the effect
of fields on bone in the absence of the surgically
induced defect, the entire procedure was repeated
using rats that had not undergone surgery; the ani
mals in this part of the study were exposed for 1 or 3
days or were sham exposed.

The rats were sacrificed 1, 2, 3, 5, 7, and 14 days
after commencement of exposure or sham exposure
(5 surgically treated rats and 5 rats not surgically
treated in each exposure group at each time interval);
5 to 7 animals were treated at the same time per pair
of coils. All rats were given tritiated thymidine 1
hour before sacrifice (intraperitoneal, 1 pCi/gram of
body weight, diluted with sterile water to a final vol
ume of 0.5 ml, specific activity 2 Ci/mmol, ICN Bio
medicals, Irvine, CA).

All animal procedures, including operations,
radioisotope injections, and sacrifices (carbon diox
ide suffocation) were done between 10:00 am. and
2:00 p.m. to minimize potential effects related to cir
cadian rhythms.

Apparatus

A magnetic field was generated using a pair of coils
with radii of 65 cm. Each coil (250 turns of 21-gauge
magnet wire) was wound around a wooden core and
held in place using plywood sheets glued together to
form a sandwich; the intercoil distance was 65 cm.
The coil current was obtained from a wave generator
(Model 182 A, Wavetek, San Diego, CA) that was
amplified (Model 7500, Krohn-Hite, Avon, MA) and
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then applied to the coils. Coil current was monitored
continuously (Model 175, Keitliley, Cleveland, OH),
and the resulting magnetic field in the intercoil
region was measured with a flux probe (Model 1846,
Magnalab, Boulder, CO). The animals were housed
in plastic cages with plastic tops and water bottles,
resulting in a completely nonmetallic environment.
The applied field was 1 gauss (rms), 60 Hz, and was
homogeneous to +5%. It was chosen for convenience
because a wide array of electromagnetic fields
(including 1 gauss, 60 Hz) have been used in animal
and clinical studies. As a consequence of the compa-
rability of the applied field to the fields used in other
studies, the induced current densities also are compa-
rable; their precise characteristics would depend on
the tissue model used for their calculation.

A second unit, identical to the exposure unit in all
respects except for the absence of the coils inside the
plywood sheets, was used to provide sham exposure.
The exposure and sham exposure units were located
in the same room, separated by approximately 2.5
meters. The fringing fields at the site of the sham
exposed animals was less than 1% of that experi-
enced by the animals in the exposure unit. The geo-
magnetic field in the animal room (measured using a
fluxgate magnetometer, MAG-Ol, 6MW, Redwood
City, CA) was 0.54 gauss (vertical) and 0.20 gauss
(horizontal).

Tissue Processing

The region of interest was recovered, processed,
embedded in glycol methacrylate, and sectioned
completely at 4 gm in the longitudinal plane. For
each animal, sets of 3 sections were selected from the
middle of the defect, from halfway between the mid-
dle of the defect and its medial edge, and from
halfway between the middle and lateral edge. In the
rats that did not receive the bone defect, sections
were selected as if the defect were present.

One section in each trio was processed for autora-
diography and counterstained with van Gieson’s, the
second was stained with methyl green and thionin,
and the third with toluidine blue and basic fuchsin.*?
Additional details regarding the histologic methodol-
ogy and the criteria for identification of pertinent cell
types are given elsewhere.”®

M easurements

Quantitative determinations of proliferation,
osteoblastic concentration, and callus formation were
made within £3 mm from the center of the defect; in
thetibias that lacked the defect, the 6-mm length was

anatomically comparable with that studied in the ani-
mals with bone injury. Proliferation was assessed in the
autoradiographs by counting the number of labeled
cells (<5 graing/nucleus) in the cambium and within the
defect; the counts were normalized by the length of the
conical bone surface along which the labeled cells were
located, and the value used in all subsequent
calculations was the mean of the 3 representative
sections, expressed as cell count per millimeter of bone.
The cell counts were expressed as linear densities,
rather than ratios (mitotic index, for example), to ensure
that the measurements characterized only 1 dependent
variable, not a confounded pair of variables. The
distance of each labeled cell in the cambium from the
intact cortical bone surface and the distance of each cell
in the defect from the location of the original cortical
surface were measured.

Differentiation was assessed by counting the
number of osteoblasts (methyl green and thionin sec-
tions) in the cambium and within the defect. The
osteoblast count also was normalized by the length of
the hone surface and expressed as the number of
osteoblasts per millimeter of bone. The results were
averaged for 3 sections, and the mean was used in al
statistical evaluations.

Periosteal callus thickness was measured (toluidine
sections) from the original bone surface to the
superficial edge of the callus at 200-1.tm intervals along
the cortical surface. All morphometric measurements
were made using a computer based system (Bioquant
System 1V, R&M Biometrics, Nashville, TN). The data
were evaluated using the unpaired t test, analysis of
variance, and analyses for statistical power (8 = 0.8)
and linear trend; the significance level for all tests was
0.05.

RESULTS
Animals Not Surgically Treated

Baseline cambial proliferation in the region of
interest was not altered by either 1 or 3 days'
exposure (Fig 1). The number of osteoblasts
(activated bone lining cells) normally present
on the cortical surface in the resting perios-
teum was significantly lower in the 3-day (but
not 1-day) exposed animals (Fig 2)

The Cambium After Injury
Osteoid formation on the cortical surface ad-

jacent to the defect began on Day 1; attach-
ment of the fibrous periosteum at the defect
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Fig 1. Proliferation in the cambium in rats not sur-
gically treated but exposed to electromagnetic fields (1
gauss, 60 Hz, commencing at time = 0) for 1 or 3 days
(mean £ standard error). Stippled region indicates
mean + standard error of control (unexposed) rats. N =
5 at each time point.

margin occurred during Day 2 and was fol-
lowed by centripetally directed bone growth
into the defect. Thus, dynamic assessment of
the cellular changes required consideration of
events in the cambium and the defect (Fig 3).

Proliferation in the cambium adjacent to
the defect apparently was not altered by ei-
ther 1 or 3 days of field exposure; in both
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Fig 2. Osteoblast concentration in the cambium in
rats not surgically treated but exposed to electro-
magnetic fields (1 gauss, 60 Hz, commencing at
time = 0) for 1 or 3 days (mean % standard error).
Stippled region indicates mean + standard error of
control (unexposed) rats. N = 5 at each time point.

Fig 3. Tissue compartments within the region of interest
(6 x 2 mm) at 7 days after operation. OCB: original
cortical bone; C: cambium; FP: fibrous periosteum;
LCT: loose connective tissue. The stippled region in the
cambium is the new bone (NB) deposited on the original
cortical surface. The injury site (dashed line) is the
cylindrical region centered on the bone defect and
bounded inferiorly by the original cortical bone and
superiorly by the loose connective tissue. The bone
defect was 1.1 mm in diameter and 0.5 mm at its deepest
point.

groups, peak proliferation occurred 2 days
after injury and was 150 times greater than
baseline (Fig 4). The perpendicular distance
between the proliferating cells and the corti
cal bone surface increased progressively in
all 3 surgically treated groups during the
week after operation (Fig 5) because of sys
tematic displacement of cambial cells by cal
lus formation on the original bone surface.
Fourteen days after injury, the mean distance
of the proliferating cells from the cortical
surface in the 3-day exposed group was sig
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Fig 4. Proliferation in the cambium in rats with sur-
gically induced defects exposed to electromagnetic
fields (1 gauss, 60 Hz) for 1 or 3 days (mean
standard error); operation and commencement of
exposure at time = 0. N = 5 at each time point.
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Fig 5. Distance between proliferating cells in the
cambium and original bone surface in surgically
treated rats exposed to electromagnetic fields (1
gauss, 60 Hz, commencing at time = 0) for 1 or
3 days (mean + standard error). Stippled region
is the mean distance * standard error for
unoperated rats (N = 5).

nificantly greater than that of the sham ex-
posed group.

The osteoblasts observed on Day 1 were
derived solely from activation of the bone lin-
ing cells, as evidenced by the absence of la-
beled osteoblasts in animals recovered 24
hours after labeling (data not reported); by
Day 2, the cortical surface was covered com-
pletely with osteoblasts, indicating that the
activation process was complete. In both ex-
posed groups, osteoblast concentration was
significantly greater than that in the sham ex-
posed rats at 3 days after injury (Fig 6). Be-
cause activation of bone lining cells was com-
plete by Day 2 and there was no field induced
increase in proliferation (Fig 4), the field in-
duced increase in osteoblasts (Fig 6) probably
was attributable to enhanced differentiation
from the parent population of activated osteo-
progenitor cells. The osteoblast concentration
at 3 days was proportional to the time of
exposure (linear trend analysis, p < 0.05).

With the possible exception of the group
exposed for 3 days and evaluated 7 days after
operation, the field induced increase in
osteoblasts was not reflected in the amount of
callus measured on the cortical surface ad-
jacent to the defect (Fig 7).
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Fig 6. Osteoblast concentration in the cambium
in rats with surgically induced defects exposed
to electromagnetic fields (1 gauss, 60 Hz) for 1
or 3 days (mean + standard error); operation
and commencement of exposure at time = 0. N
=5 at each time point.

The Bone Defect

Clot initially filled the defect and was re-
placed by granulation tissue beginning on
Day 3, as evidenced by the initial appearance
of proliferating cells (Fig 8). The proliferat-
ing cellsin the cambium (Fig 4) were alka
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Fig 7. Callus formed on the cortical surface adja-
cent to the defect in rats exposed to
electromagnetic fields (1 gauss, 60 Hz) for 1 or 3
days, or sham exposed (5) (mean * standard
error); operation and commencement of exposure
attime = 0. N =5 in each group at each time point.
Results of all intergroup comparisons lacked
statistical significance.
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Fig 8. Proliferation in the defect in surgically treat-
ed rats exposed to electromagnetic fields
(1 gauss, 60 Hz) for 1 or 3 days (mean + standard
error); operation and commencement of exposure
attime = 0. N =5 at each time point.

line phosphatase positive, but those in the
defect consisted of positive and negative
cells™ (osteoprogenitors and fibroblasts, re-
spectively). Osteoblasts appeared in the de-
fect between Days 5 and 7 (Fig 9), and by
Day 14 the defect was approximately 50%
filled with bony callus in the sham exposed
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Fig 9. Osteoblastic concentration in the defect in
surgically treated rats exposed to electromagnetic
fields (1 gauss, 60 Hz) for 1 or 3 days (mean
+standard error); operation and commencement of
exposure attime = 0. N =5 at each time point.

Fig 10. Callus formed in the defect in rats exposed
to electromagnetic fields (1 gauss, 60 Hz) for 1 or 3
days or sham exposed (S) (mean * standard error);
operation and commencement of exposure at time
=0. N =5 in each group at each time point. Results
of all intergroup comparisons lacked statistical
significance, except 1 versus 3 at Day 14 (p < 0.05).

and 3-day exposed animals, but almost 73%
filled in the 1-day exposed group (Fig 10).

DISCUSSION

Mitotic activity in the cambium increased
significantly after bone injury, but field expo-
sure for 1 and 3 days had no significant effect
on baseline or injury induced proliferation
(Figs 1 and 4), at least as assessed using the
pulse labeling technique. Proliferation within
the bone defect similarly was unaffected by
exposure, although the possibility of an effect
around Day 5 could not be discounted (Fig
8). When contrasted with the in vitro findings
that fields increased proliferation,?”10:11:18.19
the results may suggest that an inhibitory fac-
tor prevents field induced proliferation in
vivo. Alternatively, the osteoblastlike cells
typically studied in culture may not be an ap-
propriate model for normal osteoblasts, at
least with regard to regulatory control of the
cell cycle, because of the presence of stimu-
latory factors. There is no evidence indicating
that any particular biologic response is
uniquely associated with a specific electro
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magnetic field characteristic such as fre-
guency or wave shape. However, there also is
no evidence tending to exclude the possibility
that particular electromagnetic field parame-
ters might account for interstudy differences,
such as the difference between in vitro stud-
ies and the results reported here regarding the
effect on proliferation.

In contrast to the apparent absence of a
field effect on injury induced proliferation
(Figs 4 and 8), exposure for 1 and 3 days
transiently increased the osteoblast concen-
tration in the periosteum adjacent to the in-
jury site (Fig 6). The increase can be reliably
interpreted as increased differentiation of
cambial osteoprogenitor cells because all
bone lining cells were activated by Day 2,
and that presumably is the only other process
by which the number of osteoblasts can be
augmented significantly. The proportionality
between the time of exposure and the number
of osteoblasts by Day 3 could mean that the
primary transduction event involved
structures that mediate differentiation, but the
better view probably is that the effect on
differentiation observed on Day 3 is strongly
and nonlinearly dependent on the timing and
duration of the preceding field exposure. A
field effect on osteoblasts was not revealed in
the defect (Fig 9), but too few measure
ments were made within the pertinent time
interval (5 to 14 days) to provide afair test of
that possibility.

In rats not surgically treated, bone lining
cells appeared as osteoblasts or fibroblasts,
depending on whether they were activated or
resting, respectively. The periosteal os-
teoblasts did not divide, and osteoblasts were
not seen above the layer of bone lining cells;
thus, it follows that either differentiation did
not occur in the noninjured periosteum or that
it occurred with such rarity that it was
unobservable. Either alternative could explain
the absence of a field induced increase in
differentiation in the periosteum of uninjured
rats (Fig 2). Good evidence was found that
the fields downregulated the other process by
which osteoblasts appeared in the

Clinical Orthopaedics
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periosteum, activation of bone lining cells
(Fig 2). The physiologic consegquences of the
effect seem dubious because it constitutes a
change in a relatively rare process. If it oc-
curred in typical human studies,®it probably
would not have been observed or had clinical
consequences. Because activation of bone
lining cells probably is at least partly under
hormonal control, the observation that 3-day,
but not 1-day, exposure affected activation
may implicate central nervous system
processes in mediating the effect of fields.
There is evidence that the neuroendocrine
system mediates the effects of chronic field
exposure on fracture healing.® If signal
transduction involved the central nervous
system, the effect would be irrelevant to clin-
ical studies because they typically involve
local application of fields.

An overall unambiguous effect of duration
of exposure on callus formation was not
observed (Figs 7 and 10), for several possible
reasons. First, despite efforts to standardize
the injury and eliminate factors not essential
in the bone injury response (such as a
contribution from marrow cells), the inherent
variability in callus formation limited the
precision with which any field induced ef-
fects could be observed. Consequently, a
larger number of rats would have been
needed to provide a realistic chance (statisti-
cal power of 80%) of observing significant
differences attributable to field exposure. For
example, in the 3-day exposed group
sacrificed after 7 days and the 1-day exposed
group sacrificed after 14 days (Figs 7 and
10), 17 and 12 rats would have been required,
respectively.

Second, there is no simple relationship
between the amount of callus present and the
effect of exposure because the appearance of
callus varied nonlinearly with time and posi-
tion in the region of interest. In the cambium,
osteoid was present as early as 1 day after
operation and reached a maximum in 7 days,
after which it was modeled. In contrast, callus
within the defect increased (from 0) con-
sistently with time until the defect wasfilled
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with new bone. One possibility is that 3-day
exposure retarded bone healing by reducing
or delaying the amount of osteoclastic activ-
ity in the cambium that would otherwise
have occurred (Fig 7) and 1-day exposure
increased osteoblastic activity in the defect
(Fig 10). Because cambial proliferation oc-
curred mostly in the superior region of the
cambium, the evidence that exposure in-
creased the mean distance of the proliferat-
ing cells from the cortical surface (Fig 5)
could indicate either that the fields
increased bone formation or retarded
modeling.

Third, callus formation in the defect prob-
ably is the most reliable indicator of the ef-
fect of any treatment because healing is es-
sentially complete when the defect is filled
with new bone. Callus formation in the de-
fect began at about Day 5 (Fig 10) and was
complete by Day 21, but the amount of cal-
lus was measured at only 2 times within this
interval (Fig 10, Days 7 and 14). Thus, the
frequency of the data obtained was not suffi-
cient to ascertain the time course of bone
growth with the precision needed to assess
the effect of field exposure.

The results indicated that the fields affected
differentiation but had no materid effect on
proliferation. Most reported studies used spe-
cialized fidd parameters, and generdly avail-
able clinical devices normally are used 3 to 8
hours per day. In this study, in contrast, a single
frequency field was applied continuoudy for 1
to 3 days. Because the spectral composition of
the applied fields and the duration of exposure
could independently influence the nature of the
cdlular response, the extent to which the result
reported in this study can be generdized
remainsto be determined.

References

I. Anderson C: Manual for the Examination of Bone.
Boca Raton, FL, CRC Press 1982.

2. Aro H, Berola E, Aho AJ, Penttinen R:
Electrostimuladon of rat callus cells and human
lymphocytesin vitro. J Orthop Res 2:23—31, 1984.

3. Bassett CAL: Beneficia effects of electromagnetic
fields. J Cell Biochem 51:387—393, 1993.

4. Bassett CAL, Pawluk RI, Becker RO: Effects of
electric currents on bone in vivo. Nature

Electromagnetic Field Effects on Differentiation

10.

11.

12.

13.

14.

15.
16.
17.
18.

19.

269

14:652—654, 1964.

Cain CD, Adey WR, Luben RA: Evidence that
pulsed electromagnetic fields inhibit coupling of
adenylate cyclase by parathyroid hormone in bone
cells. JBone Miner Res 2:437~~zl4l, 1987.
Ciombor DMcK, Aaron RK: Influence of
electromagnetic fields on endochondral bone
formation. J Cell Biochem 52:37—41, 1993.

Conti P, Gigante GE, Alesse B, et a: A role for Ca?
in the effect of very low frequency electromagnetic
fields on the blastogenesis of human lymphocytes.
FEBS Lett 181:28—32, 1985.

Dal Monte A, Fontanesi G, Cadossi R, Poll G,
Giancecchi F: Pulsed Electromagnetic Field Therapy
in the Treatment of Congenital and Acquired
Pseudarthroses. In Marino AA (ed). Modem
Bioelectricity. New York, Marcel Dekker 711—758,
1987.

Deibert MC, McLeod BR, Smith SD, Liboff AR:
lon resonance electromagnetic field stimulation of
fracture healing in rabbits with a fibular osteotomy.
J Orthop Res 12:878-885, 1994.

Fitzsmmons RJ, Farley |, Adey WR, Baylink Dl:
Embryonic bone matrix formation is increased after
exposure to a low-amplitude capacitively coupled
electric field, in vitro. Biochim Biophys Acta
882:51—56, 1986.

Fitzsmmons RI, Farley IR, Adey WR, Baylink DJ:
Frequency dependence of increased cell
proliferation, in vitro, in exposures to a low-
amplitude, low-frequency electric field: Evidence
for dependence on increased mitogen activity
released into culture media. J Cell Phys
139:586—591, 1989.

Fitzssimmons RJ, Ryaby JT, Magee FP, Baylink DJ:
IGF-11 receptor number is increased in TE-85
osteosarcoma cells by combined magnetic fields. J
Bone Miner Res 10:812—819, 1995.

Hassler CR, Rybicki EF, Diegle RB, Clark LC:
Studies of enhanced bone healing via electrical
stimuli: Comparative effectiveness of various
parameters. Clin Orthop 124:9—19, 1977.

Kubota K, Yoshimura N, Yokota M, Fitzsmmons
RI, Wikesi6 UME: Overview of effects of electrical
stimulation on osteogenesis and alveolar bone. J
Periodontol 66:2-6, 1995.

Landry PS, Marino AA, Sadasivan KK, Albright IA:
Bone injury response: An animal model for testing
theones of regulation. Clin Orthop 1996 (in press).
Lavine LS, Grodzinsky AJ: Current concepts
review: Electrical stimulation of bone repair. J Bone
Joint Surg 69A:626—630, 1987.

Lednev VV: Possible mechanism for the influence
of weak magnetic fields on biosystems.
Bioelectromagnetics 12:71—75, 1991.

Liboff AR, Williams T, Strong DM, Wistar R:
Time-varying magnetic fields: Effect on DNA
synthesis. Science 223:818—820, 1984.

Luben RA, Cain CD, Chen MC-Y, Rosen DM,
Adey R: Effects of electromagnetic stimuli on bone
and bone cells in vitro: Inhibition of responses to
parathyroid hormone by low-energy low-frequency
fields. Proc Natl Acad Sci USA 79:4180—4184,
1982.



270

Landry et al

Clinical Orthopaedics
and Related Research

20.

21.

22.

23.

24.

25.

Marino AA, Cullen JM, Reichmanis M, Becker RO:
Fracture healing in rats exposed to extremely low fre-
quency electric fields. Clin Orthop 145:239—244,
1979.

McLeod BR, Liboff AR, Smith SD: Electromagnetic
gating in ion channels. J Theor Biol 158:15—31, 1992.
McLeod KJ, Rubin CT: Frequency specific
modulation of bone adaptations by induced electric
fields. J Theor Biol 145:385—396, 1990.

Norton LA: Effects of a pulsed electromagnetic field
on amixed chondroblastic tissue culture. Clin Orthop
167:280-290, 1982.

Pienkowski D, Pollack SR, Brighton CT, Griffith NJ:
Low-power electromagnetic stimulation of
osteotomized rabbit fibulac. J Bone Joint Surg
76A:489—501, 1994.

Pilla AA, Muehsam DJ, Nasser PL: The effects of gap
junctions, tissue dielectrics, linear and non-linear bind-
ing kinetics and thermal noise limits on amplitude and
frequency thresholds for EMF bioeffects. Physics Med

26.

27.

28.

29.

30.

31.

Biol 39a:51—52, 1994.

Richez J, Chamay A, Biéler L: Bone changes due to
pulses of direct electric microcurrent. Virchows Arch
AbtAPathAnat 357:11-18, 1972.

Rodan GA, Bourret LA, Norton LA: DNA synthesisin
cartilage cells is stimulated by oscillating electric
fields. Science 199:690—692, 1978.

Rogers AW: Techniques of Autoradiography. New
York. Elsevier 1979.

Shandler HS, Weinstein S, Nathan LE: Facilitated
healing of osseous lesions in the canine mandible after
electrical stimulation. J Oral Surg 37:787—792, 1979.
Weaver JC, Astumian RD: The response of living cells
to very weak electric fields: The thermal noise limit.
Science 247:459—462, 1990.

Wilmot JJ, Chiego Jr DJ, Carlson OS, Hanks CT,
Moskawa JJ: Autoradiographic study of the effects of
pulsed electromagnetic fields on bone and cartilage
growth in juvenile rats. Arch Oral Biol 38:67—74,
1993.



