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Pulsed Magnetic Fields Improve Osteoblast Activity
During the Repair of an Experimental Osseous Defect
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Summary: The influence of pulsed low-frequency electromagnetic fields
(PEMFs) on bone formation was investigated in studies of the healing process
of transcortical holes, bored at the diaphyseal region of metacarpal bones of
six adult horses, exposed for 30 days to PEMFs (28 G peak amplitude, 1.3 ms
rise time, and 75 Hz repetition rate). A pair of Helmholtz coils, continuously
powered by a pulse generator, was applied for 30 days to the left metacarpal
bone, through which two holes, of equal diameter and depth, had been bored
at the diaphyseal region. Two equal holes, bored at the same level in the right
metacarpal and surrounded by an inactive pair of Helmholtz coils, were used
as controls. All horses were given an intravenous injection of 25-30 mg/kg of
tetracycline chloride on the 15th and again on the 25th day after the operation
and were killed 5 days later. The histomorphometric analysis indicated that
both the amount of bone formed during 30 days and the mineral apposition
rate during 10 days (deduced from the interval between the two tetracycline
labels) were significantly greater (p < 0.01 and p < 0.0001, respectively) in the
PEMF-treated holes than in the controls. As did a previous investigation,
these preliminary findings indicate that PEMFs at low frequency not only
stimulate bone repair but also seem to improve the osteogenic phase of the
healing process, at least in our experimental conditions.

by soft tissue; that is, hematoma, cellular granulation
tissue, and soft callus.
In an attempt to solve this problem, we carried out
a new series of experiments using the tetracycline
labeling technique to detect whether PEMFs are involved in modulating the rhythm of bone-forming
cells during the osteogenic stage of healing. This paper represents an extension of previous preliminary
reports on the effect of PEMFs on mineral apposition rate (MAR) during the repair of transcortical
holes at the diaphyseal level only.

Previous investigations in our laboratory on the
rate of repair of transcortical holes in the shaft bones
of adult horses showed that pulsed low-frequency
electromagnetic fields (PEMFs) constantly exert a
positive effect in the diaphyseal region, whereas in
the metaphyseal region they improve or reduce the
healing process as compared with controls (llJ2).
Our data were confined to quantitative assessment
of the later stage of hole repair-bone depositionand thus give no indication of whether the modulating effect of PEMFs may have involved the early
events of the bone reparative process characterized

MATERIAL AND METHODS
~
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Six male horses, 8-10 years of age, were used.
While they were under general anesthesia by gas
(fluothane 1-2%, O2 30%, and N 2 0 68-69%), two
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transcortical holes were made, 3 cm apart and at
the same level, in the lateral margin of the right and
left principal metacarpals in the mid-diaphyseal region. The holes were drilled orthogonally to the
longitudinal axis of the bone, with a helicoidal tip
(4.5 mm diameter) working at low speed and cooled
with a jet of sterile physiological solution of Genta-
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lyn (gentamicin C complex sulfate; Schering/Plough,
Comazzo-Milano, Italy).
In accordance with the methodology used in previous investigations (12), the metacarpals of both
sides were surrounded by a pair of Helmholtz coils
(IGEA, Carpi, Italy), which were oriented mediallateral to the sagittal plane of the bone. The coils

FIG. 1. Microradiographs of the midlongitudinal section of transcortical holes made at the same diaphyseal level in the right (R)
and left (L) metacarpals (photomicrographs under transmitted ordinary light; x15). The amount of newly formed bone is greater in
the hole on the side treated with pulsed low-frequency electromagnetic fields (L).
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surrounding the bone in the left side were powered
for 30 days by a pulse generator (IGEA-stimulator;
IGEA). As in a previous experiment (12), the magnetic field signal employed was characterized by a
peak amplitude of about 28 G, a rise time of 1.3 ms,
and a repetition rate of 75 Hz.The peak value of the
electric field induced in a standard coil probe was
3.25 -+ 0.25 mV in the left limb, whereas the induced

at 3% and were embedded in methylmethacrylate
(BDH Italia, Milano, Italy). Sections were cut with
a microtome (1600 microtome; Leitz, Wetzlar, Germany) from each segment, longitudinally with respect to the axis of the hole and passing through its
center (mid-longitudinal section). Transverse hemisections with respect to the axis of the hole also were
cut in proximity to the endosteal side of each hole.
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FIG. 2. Diagram of the amount of new bone formation during 30 days in two transcortical holes drilled at the same diaphyseal
levels in the homotypical metacarpals of six adult horses. Vertical axis: the two holes in the metacarpals treated with pulsed
low-frequency electromagnetic field (PEMF) (black bars) and the untreated metacarpals (right) (dotted bars) of each animal.
Horizontal axis: the values of %NB/(NB + P), where NB is the new bone formed and P is the porosity.

electric field in the contralateral right limb, measured by means of a probe with a sensitivity level of
0.01 mV (12), was practically undetectable.
As a kinetic marker of bone mineralization, tetracycline chloride (Reverin; Hoechst AG, Frankfurt,
Germany) was injected into the jugular vein at a
dose of 25-30 mg/kg. All horses were given an injection on the 15th and again on the 25th day after the
operation and were killed 5 days later.
The undecalcified bone segments containing the
holes were cleaned of the soft tissues with NaOCl
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All sections, each 30-40 p n thick, were microradiographed (20 mA, 7.8 kV) (Microradiograph; Italstructure, Riva del Garda-Trento, Italy) on electron
microscope polyester based film (ILFORD EM; I1ford, Mobberley, Cheshire, England).
The following parameters were measured, with
the use of a computer image analyzer (TESAK,
Florence, Italy), on the microradiographs of the midlongitudinal sections: (a) the total area of the hole;
(b) the area occupied by the new bone (NB) it contains (that is, the bone laid down during 30 days);and
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FIG. 3. Cross hemisections of the holes shown in Fig. 1 (photomicrographs under transmitted ultraviolet light; x30). Two complete
and coaxial rings of tetracycline are visible inside the layer of newly formed bone lining the surface of the holes.

(c) the area of the spaces not occupied by bone tissue-porosity (P). The relative amount of bone laid
down during 30 days was expressed as a percentage
ratio of NB/(NB + P). Statistical analyses were performed with the two-tailed paired Student t test.
The transverse hemisections of the holes were
microphotographed under ultraviolet light (2 energizing filters fBG121and 1barrier filter [OG5];Zeiss
Ultraphot 11, Oberkochen, Germany). On the photographic prints, made at a total enlargement of
x400, the distance between the two tetracycline labels was measured in the layer of newly formed compact bone that lines the internal surface of the holes;
the spongy bone newly formed inside the holes was
not taken into account in this investigation. This parameter, recorded every 140 pm, orthogonally with
respect to the two labels (Fig. 4) and expressed
in pmlday, was taken as an index of the MAR (no-

menclature recommended by Parfitt et al. 1201). The
statistical analyses were performed with a Student
t test.

RESULTS
Light microscopic observation of the microradiographs of the mid-longitudinal sections of the holes
(Fig. 1) showed, in both PEMF-treated and untreated sides, that the newly formed trabeculae originated not from the pre-existing bone but from a thin
layer of newly deposited layer of bone lining the
surface of the hole; moreover, the newly formed trabeculae were more densely arranged and more mineralized near the endosteal side than the periosteal
surface. The stage of repair was always more advanced in the PEMF-treated holes than in the untreated holes.

.
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FIG. 4. Details at higher magnification (x200) of Fig. 2. The distance between the two labels is greater in the hole on the side
treated with pulsed low-frequency electromagnetic fields (L).

The total amount of bone formed during 30 days
in each hole is reported in Fig. 2. The values of the
percentage ratio NB/(NB + P) were significantly
higher (p < 0.01) in PEMF-treated holes than in the
controls.
Microscopic observation under ultraviolet light of
the transverse hemisections of the holes showed, in
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both PEMF-treated and untreated sides, two concentric and complete rings of tetracycline inside the
layer of the newly formed bone lining the surface of
the holes (Fig. 3). The interval between the two labels
appeared to be greater in PEMF-treated holes than
in the controls (Fig. 4). Also, the fluorescence of the
newly formed trabeculae was, on the whole, more
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FIG. 5. Diagram of the mean values 2 SE of the mineral apposition rate (MAR) during 30 days in two transcortical holes made at
the same diaphyseal level in the homotypical metacarpals of six adult horses. Vertical axis: the two holes in the left metacarpals
treated with pulsed low-frequency electromagnetic field (PEMF) (black bars) and the untreated metacarpals (right) (dotted bars)
of each animal. Horizontal axis: the values for MAR, expressed in Fm/day. Each bar represents the mean value calculated from
50 measurements (see text for explanation). The thickness and fluorescence of the newly formed trabeculae are greater in the
PEMF-treated hole.

intense in PEMF-treated holes than in the untreated
holes (Fig. 3).
The values for MAR are reported in Fig. 5; the
distance between the two fluorescent labels appears
to be significantly greater in the PEMF-treated holes
than in the controls (p < 0.0001).

DISCUSSION
The effect of PEMFs on reparative osteogenesis
has been investigated in several experimental and
clinical models (1,3-5,7,8,15,21).It has been demonstrated, for instance, that PEMFs accelerate fracture
healing (5) and promote the maturation of bone trabeculae (1).It also has been stressed that the positive
effect on bone growth and repair seems to be related
to specific PEMF signal configuration (1,5,21). This
notwithstanding, the effect of PEMFs on the various
stages of bone repair has yet to be defined.

For this reason, we attempted to elucidate whether
PEMFs act during the osteogenic phase of transcortical hole repair. We restricted the analysis to the
diaphyseal region, since only at this level does the
reparative process appear to be constantly improved
by PEMFs (12). In fact, at the metaphyseal level, the
effect of PEMFs on transcortical hole repair was
found to be inconsistent, being sometimes positive
and sometimes negative; however, the symmetry in
the rate of hole closure that we found between the
left and right metacarpal bones in untreated horses
(9,lO) was never appreciable. Such a puzzling result
in the metaphyses probably is related to the high rate
of bone turnover in this region of long bones, as
shown by the tetracycline labeling method (2,16,17).
Indeed, it is plausible to suppose that the effect of
PEMFs may be less regular, and thus less detectable,
in spongy than in compact bone; that is, in regions
where bone cell metabolism is higher.
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The double tetracycline labeling technique was
used in the present investigation because it appears
to be the most precise method for evaluating the
linear rate of accretion of the osteogenic surface. It
must be noted, however, that tetracycline molecules,
as well as those of other fluorochromes, become
fixed to the growing bone crystals and not to the
organic matrix secreted by osteoblasts (13,14,23).
Therefore, they label not the newly formed osteoid
surface but the mineralization front; consequently,
the fluorochrome double-labeling technique enables
measurement not of bone appositional growth rate
(BAR) but of MAR. In this connection, it must be
noted that the linear rate of osteoid matrix deposition does not differ significantly in a unit of time
from the linear rate of bone mineralization when
the rate of osteoid mineralization is not impaired
(6,18,19,22). Therefore, in normal conditions, MAR
may be considered a reliable index of BAR; that is,
of osteoblast activity.
Briefly, since the data on MAR reported here may
be referred to as osteoblast activity (our horses being normal as far as phosphocalcium metabolism is
concerned), it may be concluded that PEMFs stimulate osteoblast activity during the healing process of
transcortical holes, at least in diaphyseal compact
bone. Whether or not PEMFs also affect the stages
of bone healing preceding osteogenesis should be
elucidated by further investigations.
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