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Introduction

Our investigations carried out over the last decade demon-
strate that low-frequency pulsed electromagnetic fields
(PEMFs) exert a positive effect on the healing process of
transcortical holes drilled in the diaphyseal region of long
bones of 51 horses (Botti et al. 1992, Canä et al. 1991,
Canä et al. I 992).
In order to verifi' whether PEMFs also interfere with the
process of mineralization of bone matrix, we undertook a
new series of experiments to evaluate the physical resistance
of primary reparative bone in transcortical diaphyseal holes
subjected to treatment with PEMFs. The microdurimetric
technique was employed, which supplies absolute data that
can be referred to the degree of mineralization of bone tis-
sue; since microhardness is a function of the degree of mi-
neralization, water content and orientation of collagen fib-
res (Amprino 1958, Carlström 1954, Marotti et al. 1972).
As regard lamellar bone, lastnamed variable must be recon-
sidered in terms of density of texture of the collagen of
bone matrix. Recent studies (Marotti 1990, Marotti and
Muglia 1988, Marotti and Muglia 1989) have shown that
the lamellar structure of bone does not depend on a diffe-
rent orientation of the collagan fibres (Gebhardt 1906) but,
rather, represents a variety of bone tissue with woven fibres
in which the texture of the collagen is alternately dense or
loose. Thus if the values of the hydration and density of
texture of bone matrix are constant, the variations in
microhardness depend exclusively on variations in the de-
gree of calcification.

Materials and Methods:

Two male horses, 8-10 years of age, were used. Under ge-
neral anaesthesia by gas (Fluothane I-2o/o + 02 30o/o +
NrO 68-69 o/o), in accordance with our usual surgical me-
thodology (Canb and Botti 1990) 1 transcortical hole was
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Summary

The microhardness (HV) testing technique was applied to investi-

gate the effects of low-frequency pulsed electromagnetic fields
(PEMFs) on the degree of the mineralizarion of bone formed du-
ring the healing of transcortical holes. At the mid-diaphyseal level
of the left and right metacarpal 3rd of 2 adult horses, I transcortical
hole (4.5 mm diameter) was dril led. The hole in the left side was
exposed lor 30 days to PEMFs (28 Gauss peak amplitude, 1.3 msec

rise time, 75 Hz repetition rate). The righr contralateral untreated
hole was taken as control. The results indicate:
(a) rhe amount of bone formed during 30 days is greater (p<0.0t)

in PEMF-treated holes than in contralateral untreated ones.
The HV values of new bone lormed during 30 days
(b)are higher (p<0.001 ) in PEMF-treated holes than in the con-

trols;
(c) in both PEMF-treated and untreated holes decrease from end-

osteum towards periosteum;
(d) are higher (p<0.001) in woven non lamellar bone than in lamel-

lar bone.
These preliminary findings indicate thar the increase in the physical
resistance of reparative PEMF-treated bone seem to be related to
the improvement of the healing process promoted by PEMFs. Ne-
vertheless we cannot exclude that PEMFs interfere with mineral
fraction and/or matrix comDonents of bone.

keywords: Microhardness, M ineral ization, Bone repair,
PEMFs.

Vorläufige Ergebnisse über den Einsatz der niederfrequenten
Elektromagnetfeld Therapie zur Bestimmung der physiologischen
Festigkeit von Knochengewebe

Die Methode der Messung der Mikrohärte wurde eingesetzt, um
den Effekt der niederfrequenten Elektromagnetfeld-Therpie zu be-

stimmen. Gemessen wurde der Grad der Knochen-Mineralisation
von transkortialen Löchern. Bei 2 erwachsenen Pferden wurde in

der Mitte der rechten und linken metacarpalenDiaphyse jeweils ein

transkortikales Loch gebohrt. Das linke Loch wurde ftir 30 Tage

den PEMFs ausgesetzt, das rechte kontralaterale Loch diente der

Kontrolle.
Folgende Ergebnisse wurden erzielt:
a) bei mit PEMF-behandelten ,,Löchern" ist die gebildete Menge

an Knochenmasse während 30 Tagen höher als bei unbehan-

delten Löchern.
b) Die Mikrohärte (HV-\üferte) l iegen bei den PEMF-behandelten

Löchern weitaus hoher als bei denen der Kontrolle.

c) Die HV \ferte nehmen sowohl in den behandelten wie auch in

den unbehandelten Löchern vom Endosteum zum Periosteum

hin ab.
d) Die HV \7erte liegen in den strukturierten nicht lamellären

Knochen höher als in den lamellären.
Diese Erkenntnisse lassen die Annahme zu, daß die physiologische
Festigkeit von Reparationsgewebe, welches PEMF-behandelt wur-

de, in engem Zusammenhangzu der verbesserten Heilung, welche

durch PEMF hervorgerufen wurde, steht.

Es kannjedoch nicht ausgeschlossen werden, daß PEMF die Miner-

albestandteile und / oder Komponenten der Matrix schädigend be-

einflußt.

Schlüsselwörter: Mikrohärte, Mineralisation, Knochenheilung,
PEMFs
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drilled at mid-diaphyseal level of the right and left 3rd me-
tacarpus of each horse. As in our previous studies (Canä et
al. l99l), the 3rd metacarpus of both sides were surroun-
ded with a pair of Helmholtz coils (IGEA S.r.l., Carpi, Ita-
ly). Only the coils placed round the left metacarpus were
activated for 30 days by a pulse generator (IGEA-stimula-
tor, IGEA S.r.l., Carpi, Italy). The magneric field signal
was characterized by 28 Gauss peak amplitude , 1.3 msec
rise time, 75 Hz repetition rate. The value of the electric
field induced in a standard probe ranges between
3.25+0.25 mV on the left; the electric field induced in the
right antimer, controlled by means of a standard probe ra-
ted a sensitiviry level of 0.01 mV was not detectabie. The
animals were put down at 30 days after application of the
coils.
The bone fragments containing the holes were fieed of soft
tissues by an aqueous solution of 3 o/o NaOCI and were em-
bedded, not decalcified, in methylmethacrylate (BDH lta-
lia S.r.l, Milan, Italy). From each hole a midlongitudinal
section was taken (Leitz 1600 Microtom e, Leitz, \Vetzlar,
Germany). The sections were microradiographed by
contact on photographic plate with supporr in poliester
(ILFORD EM, Ilford Ltd, Mobberley, Cheshire, U.K )
A computerized image analyzer (TESAK, Florence, Italy)
was used to calculate on the microradiographs of the mid-
longitudinal sections of the holes the following:
(a) total area of hole;
(b) area occupied by the bone contained in it (NB);
(c) area o[the spaces not occupied by bone tissue (porosiry P).
The relative amount of bone laid down during 30 days is ex-
pressed by the percentage ratio of NB/(NB+P). Statistical
analysis was performed by two-tailed paired Student's r-resr.
The rate of mineralization of the bone laid down during 30
days was deduced from the degree of microhardness (HV)
obtained by means of the microdurimetric method (Fauia
1976, Marotti et al. 1972). The microdurimeter (Leitz-Du-
rimet, Leitz, Wetzlar, Germany) was used to assay the phy-
sical resistance of woven bone, in the lamellar (L) and non-
lamellar (NL) forms, the bone layer laid down on rhe sur-
face of the holes (peripheral layer), the trabeculae adjacent
to it (peripheral spongy bone) and the trabeculae axially
situated (axial spongy bone). Tests of these architectures
were performed at the 1/3 proximal (endosteal zone), Il3
intermediate (intermediate zone) and 1/3 distal (periosteal
zone) of the holes. On the bone surface a square-base pyra-
midal diamond indenter (Vickers pyramid with 136"
angles) was applied with a load of 15 g. HV expressed in
Kg/mm2, is calculated by the formula HV = 1854.4 LlD2
(L = load in g, D = trreär length, expressed in pm, of the
diagonals of the print measured by optical micrometer).
Statistical analysis of the results was performed by Student's
t-test.
Scanning electron microscope analysis (Phil ips SEM-515,
Philips S.p.A., Milan, Italy) of the rexrure of the collagen
fibres of the new bone formed during 30 days was perfor-
med on the same secrions treated with HCI 0,1N for 90
sec, trypsine 80 U/ml (Thypsin I:250 Porcine, GIBCO
Ltd, Paisley, U.K.); pH 7,4 for 41 h at 37'C and metal-

Fig. 1: Microradiographs of mid-longitudinal section of a trans-
cortrcal hole drilled at mid-diaphyseal level in right (a) un-
treated metacarpus 3rd and in left (b) PEMF-treated.
(Microphotographs in transmitted ordinary l ight; x21). In
both holes repair proceeds from the endosteal side (left)
to the periosteal side. Note also that the amount of newly
formed bone is qreater in PEMF-treated hole.

lized with gold-palladium (Sputter Coater SCD-004, Bal-
zers S.p.A., Milan, Italy).

Results

In both PEMF-treated and untreated holes the new bone
has a spongy architecture that originates from a thin bony
layer connected with the preexisting compact bone by
means of a sort of cementing line (Fig. 1). Within it may
be distinguished thick trabeculae (tubular spongy bone)
circumscribing cylinder-like cavities that evolve into pri-
mary osteons, and thin trabeculae (laminar spongy bone)
delimiting wide vascular spaces (Fig. l). Scanning electron
microscope analysis clearly shows that the spongy bone is
structured in woven-fibred bone tissue in the non-lamellar
and lamellar forms (Fig. 2) that coexist only in the tubular
trabeculae; whereas the laminar trabeculae are made up of
woven-fibred non-lamellar form only. The absence of ce-
menting lines shows that the new formed bone has the
structural features of a primary bone.
In the control holes the tubular and laminar trabeculae, si-
tuated respectively in the peripheral and axial portions, are
present in the endosteal and intermediate zones; the perio-
steal zone lacks laminar trabeculae. In PEMF-treated holes
tubular trabeculae are present in all three zones, whereas la-
minar trabeculae are found only in the periosteal zone.
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Fig.2: Microphotographs with scanning electron microscope
(x3100) showing the structure of newly formed bone in the
holes during 30 days. (a) woven-fibred non-lamellar bone
tissue; (b) woven-fibred lamellar bone tissue where dense
lamellae alternatinq with loose lamellae can be seen.

In both treated and untreated holes the lamellar strucrure
gradually diminishes on going from the endosteal to the
periosteal zone.In particular, this structure is either wholly
absent, or present in quantities too small to be assayed, in
the periosteal zone of the peripheral bony layer, of the peri-
pheral spongy bone and of the axial spongy bone.
Comparison of treated with untreated holes show that the
former repair was quicker. The values of %NB/(NB+P) are
higher (p<0.01) in PEMF-treated holes (Fig. 3).
The HV values of the bone structures in the treated holes
are higher (p<0.001 ) than those of the homologous un-
treated structures (Fig. 4, 6). In both treated and untreated
holes, the HV values decrease on going from the endoste-
um towards the periosteum and are higher in non-lamellar
than in lamellar bone (Fig. 5, 6), in fact the imprints are
larger in the latter.

Discussion

In agreement with our previous investigation (Canä et al.
1991), the results of the structural analysis shows that
PEMFs do not seem to alter the modality of repair of trans-

UNTREATED PEMF-TREATED

HORSE B

70 60 50 40 t9o 
*r?l*u.?3 

40 so 60 70

Fig.3: Diagram of the amount of bone laid down through 30
days in the middiaphyseal transcortical holes made in the
homotypical metacarpi 3rd of two horses. On the vertical
axis: the two holes in the untreated right metacarpus
(black columns) and PEMF-treated left metacarpus (dot-
ted columns) of each animal. On the horizontal axis: va-
lues of %NB/(NB+P), where NB is the newly formed bone
and P the porosity.

Fig.4: Microphotograph with scanning electron microscope of
part of the bony trabecula (x482). In both PEMF-treated
bone and untreated one the prints of the pyramid of
Vickers (constant load of 15 g) are greater in the lamellar
(arrow) than in the non-lamellar bone, since the latter was
laid down earlier.

cortical holes made in the diaphyseal region of horse meta-
carpus 3rd. Indeed, both in the PEMF-treated holes and in
untreated ones repair proceeds by laying down of spongy
bone, from the endosteal extremiry to the periosteal extre-
mity, with trabeculae that do not originate directly from
preexisting compact bone but rather from a thin layer of
new bone formed on the surface of the holes. In its general
features, the repair process of this rype of lesion follows the
same stages that chara cterize normal periosteal growth of
the diaphyses; in other words, the new bone at first has a
spongy architecture with laminar trabeculae that gradually
evolve into tubular trabeculae and finally into primary
osteons. Thus the different architecture and microscopic
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Fig. 5: Microphotographs with scanning electron microscope of
part of the peripheral bony layer of the endosteal zone in a
control hole (a) and (b) a PEMF-treated hole (x1300). The
prints of the pyramid of Vickers (constant load '15 g) are
on average greater in the control hole than in the PEMF-
treated one.

structure found in the holes between the endosteal side and
periosteal side represent successive states of the above-men-
tioned repair process (Canä and Botti 1990).
The findings regarding the amount of new bone formed
agree with those of our previous studies in indicating a
noteworthy increase in quantity of new bone formed in the
treated holes (Canä et al. 1 991, Canä et al. 1992), and show
that PEMFs hasten repair of this type of lesion at diaphy-
seal level.
\üfith regard to the evaluation of the effect of PEMFs on
the mineralization rate of bone. it should be mentioned

that in this experiment we were not able to employ the
double tetracycline labelling technique (Marotti 1963),
which would have enabled comparison of the micro-
hardness of bone laid down at the same time in the treated
and untreated holes. This must be reserved for a further
study. In the present one we have attempted to prove
whether a correlation between physical resistance of the
bone and the extent of repair, in the treated and untreated
holes exists, with reference to the entire duration of the
experiment.
The finding that the HV values of newly laid down bone in
the PEMF-treated holes are greater than those of the un-
treated bone should, in our opinion, mainly be ascribed to
the fact that bone began to be laid down earlier in the trea-
ted holes.
In both treated and untreated holes, the HV values de-
crease, showing a regular trend in the non-lamellar bone
and very irregular one in the lamellar, going from the endo-
steal extremity to the periosteal one. This datum empha-
sizes that in this rype of lesion repair commences near the
endocortical side of the hole ( Canä and Botti 1990) and
proves that the microhardness of the bone is closely related
to the mineralization rate and, perhaps, with the density of
the collagen of the bone matrix. The bone tissue that is
first laid down evidently has a higher mineralization rate as
compared to the bone laid down subsequently. In addition,
this bone tissue is characterized by homogeneous matrix, in
the sense that it shows no sharp differences in density. The
bone tissue that is formed after the non-lamellar one is ob-
viously characterizedby a lower mineralization rate and by
a structure presenting superimposed densely woven layers
of bone matrix alternating with loosely woven ones
(Marotti 1990, Marotti and Muglia 1988, Marotti and
Muglia 1989). This last aspect is translated into the consti-
tution of the dense lamella, where the bone matrix is
densely aggregated, and the loose lamella, where the com-
ponents of the matrix are more dissipated. These two types
of lamella correspond respectively to the transverse and
longitudinal lamellae in the classic model of Gebhardt
(1e06).
Therefore, although a possible interference of the PEMFs
also on the mineral fraction and/or the components of the
bone matrix cannot be ruled out, these preliminary results
enable us to posit that the greater physical resistance found
in bone newly laid down in the transcortical diaphyseal
holes treated with PEMFs is the natural consequence of
acceleration brought about by the PEMFs in the repair
process of this type of lesion (Botti et al. 1992, Canä et al.
1991, Cani et al. 1992).
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Fig.6: Diagrams of the degree of the microhardness performed by means of the microdurimetric method. lvlean and Standard
- 

Deviation, indicated on the columns, of the mineralization rate in bone laid down in transcortical holes treated with PEI\,4FS (dotted

columns) and untreated holes (black columns) drilled at mid-diaphyseal level of the metacarpus 3rd in two adult horses On the
left vertical axis is indicated the non-lamdlar (NL) and lamellar (L) structure of the bony layer formed around the surface of the
holes (peripheral layer), of the bony trabeculae s tuated near the layer (peripheral spongy bone) and of the bony trabeculae
preseni on the longitudinal axis of the hoies (axial spongy bone). On the right vertical axis are indicated the three portions of the
hole. In these portions the microhardness of the aformentioned structures was tested. On the horizontal axis are indicated the
m crohardness values (HV) expressed in Kg/mm'?.
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The absence of the corresponding structure is indicated by .
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