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Effects of static magnetic field (SMF) on the vascularization in bone were evaluated using an ischemic

bone model, where rat femoral artery was ligated. Magnetized and unmagnetized samarium–

cobalt rods were implanted transcortically into the middle diaphysis of the ischemic femurs.

Collateral circulation was evaluated by injection of microspheres into the abdominal aorta at the third

week after ligation. It was found that the bone implanted with a magnetized rod showed a larger

amount of trapped microspheres than that with an unmagnetized rod at the proximal and the distal

region (P < 0.05 proximal region). There were no significant differences at the middle and the

distal region. This tendency was similar to that of the bone mineral density in the SMF-exposed

ischemic bone.
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Introduction

The magnetic field application in orthopedics attracts the

interest of scientists and clinicians. Both static magnetic fields

(SMF) and pulsed electromagnetic fields (PEMF) are con-

sidered and used. Effects of the PEMF on tissue growth and

repair have been reported by nervous system research groups,

since Bassett et al. (1,2) demonstrated that the exposure to

PEMF induced an increase in bone formation. However,

Wiendl and Strigl (3) found that reduction in pseudoarthrosis

caused by inflammation, non-union fracture repair of femoral

head, and callus formation were promoted by the bone

exposure to EMF, whereas Hanft et al. (4) confirmed that the

duration of fracture healing was shortened by EMF exposure.

Some researchers reported that this promotion of fractured

bone union was induced by PEMF application to the electric

current (5,6). They pointed out that the effects of PEMF on

bone must be due to mechanisms different from those of SMF.

PEMF may generate an electric current in the tissue to

stimulate some biological cascades, while SMF without any

movement creates no electrical potential (7).

A promoting effect of SMF on fracture repair was reported

by Degen and Stetsula (8). Bruce et al. (7) also reported that

the mechanical strength of fractured bone of rabbits was

increased by SMF exposure. Oden et al. (9) suggested that the

increase in mechanical strength of bone by SMF exposure was

closely related to the increase in bone mineral density (BMD).

It was assumed that SMF initiated an increase in localized

calcium deposition in bone, which neutralized the net negative

charge of tissues to allow for the subsequent vascularization

and initiation of osteogenesis (10,11).

Our previous studies that evaluated the BMD change of bone

upon implantation of a magnetized rod showed that SMF

accelerates bone recovery from operative invasion or ischemia

induced by artery ligation (12,13). The studies performed to

minimize the relative movement between the implanted

magnet and the bone by press fit fixation of a tapered rod

suggested that SMF improved the blood vessel recovery from

the ischemic state. As there is no direct evidence for this

assumption, the present study was undertaken to evaluate the

effect of SMF on the recovery from ischemia of bone using

microsphere injection.
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Methods

Materials

Tapered alloy rods were prepared from samarium–cobalt

magnet with and without magnetization of the rod. The entire

rod surface was homogeneously coated with polytetrafluor-

oethylene to prevent the release of metal ions from the alloys

into the body. The highest strength of the magnetic field was

observed to be 180 mT and localized on the polar ends of the

magnet perpendicular to the rod axis, as shown in Fig. 1. Due

to the geometric difference at both ends of the rod, magnetic

flux density is different in the first 2 mm as shown in Fig. 1. All

the rods were sterilized by immersing in 0.5% hibitane

solution for 30 min before implantation.

Ischemic Bone Model

Male Wistar rats of 10 weeks old and weighing 310–360 g

were used for this study. After general i.p. anesthesia with 100

mg kg�1 of ketamine hydrochloride and 10 mg kg�1 of

xylazine, the skin just over the branch point of the medial

femoral artery and profunda femoral artery was incised. The

two arteries were ligated with a suture and amputated at the

front and the post of the branch point of the medial femoral

artery and profunda femoral artery, as shown in Fig. 2. Femur

circulation just after the ligation was mainly supported by

collateral vessels. Both of the femoral arteries in bilateral

limbs were ligated and amputated in this fashion.

Implantation

Thirty-five rats were divided randomly into three groups;

L group (bilateral sides of femoral artery were ligated), L þM

or L þ S group [bilateral sides of femoral artery were ligated,

a magnetized rod (M) or an unmagnetized rod (S) was

implanted in the middle point of the femurs], and CON group

(no operations).

A 2 cm lateral skin incision was made and the femur was

exposed by blunt dissection of the femoral muscle. The

periosteum was incised and pushed aside to drill a hole in the

distal femur from the lateral cortex to the medical cortex. The

drill size was exactly identical to that of the tapered rod. A rod

specimen was implanted transcortically into the hole, applying

a load of 500 g for 30 s using a digital force gauge, as shown

in Fig. 3.

After that, three layers of muscle, subcutaneous connective

tissue and skin were sutured. Two rats were housed together in

one cage (340 · 240 · 170 mm3) and free access to water and

pelleted food was allowed. All the animals were bred at 23 ±

1�C and 55 ± 5% RH for 3 weeks.

Measurement of Small-Size Vessel

Microspheres (Polybead�, 10.0 micron in diameter, 2.51%

solids-latex; Polysciences Inc., USA) are injected into the

abdominal aorta under general i.p. anesthesia at 3 weeks after

the implantation. After 5 min, the rats were euthanized with an

overdose of anesthesia and then whole femurs were taken out

together with the implanted rods.

The number of microspheres in the tissue was counted using

the method that Vacek and Machova reported (14). Each femur

was transectioned at the three parts (proximal, middle and

Figure 1. The magnetic flux density as a function of the distance from the face

of the magnetized rod. S, side face of the south pole; S0, lateral side face

of the south pole; N, side face of the north pole; N0, lateral side face of the

north pole.

Figure 2. Ischemic bone model indicating ligated and amputated points.

Figure 3. Schematic representation of implantation and regions of bone for

measurement. The rod was implanted at the middle portion of the femurs.
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distal) and cut in the sagittal direction at 0.1 mm interval, as

shown in Fig. 4.

The number of microspheres was counted under micros-

copic view of 200· magnification. Statistical analysis was

performed using the Student’s t-test and Wilcoxon signed rank

test for each of the selected regions (P < 0.05). All data were

expressed as the mean ± SE.

Results

Ischemic Bone Model

As shown in Fig. 5A, the number of the microspheres in the

artery-ligated limb was higher than that in the non-ligated limb

which presumably was caused by an increase in collateral

circulation.

Exposure to SMF

As shown in Fig. 6A, the number of the microspheres in the L

þM group was larger than that for the L þ S group (distal and

proximal region) and is significantly different at the proximal

region (P < 0.05).

Discussion

A number of studies have been performed to address whether

or not SMF may promote bone deposition. Camilleri and

McDonald (15), evaluated the effects of SMF (flux density

100 mT) on the bone remodeling and mitotic activity of

osteoblasts in rat calvaria and concluded that SMF did not

affect bone growth, however, thymidine uptake was signifi-

cantly inhibited. Bassett (10) and Norton et al. (16) have

shown that the local exposure of SMF leads to enhanced

angiogenesis and ossification. However, they have not studied

the field-strength dependence of the SMF effects. The effect of

SMF on bone formation is still a controversial subject.

We have reported that SMF exposure did not change normal

bone but accelerated recovery of the BMD of an ischemic

bone. The present study examined how local SMF exposure

influenced the formation of collateral vessels in an ischemic

bone using the microsphere injection method introduced by

Vacek and Machova (14). The influence of femoral artery

ligation on the amount of microspheres trapped in the femur in

Fig. 5A revealed that the bead amount increases at the third

week after ligation. This increased number of trapped micro-

spheres seems to be caused by formation of small-sized

collateral vessels in the ischemic bone. The increased amount

of microsphere shown in Fig. 6A is thought to reflect the

collateral circulation formation.

Figure 6 shows the influence of local SMF exposure on the

microsphere trap (Fig. 6A) and the BMD (Fig. 6B) (13) of

the vascular-ligated bone. The value of BMD is varied with the

equipment, software, radial rags and scanning speed used

(12,17,18). Dual energy X-ray absorptiometry (DEXA; Aloka

DCS-600; Aloka, Tokyo, Japan) was used with a software

version specifically designed for small animals (small animal

mode, SYS-D 162-V 6.0). Scanning was done at a speed of

10 mm s�1 with each slice in the cross-sectional direction. The

BMD in the ischemic bone was increased by the SMF exposure

at the proximal and the distal region, and the numbers of

microspheres were also increased at the proximal region.

Those changes at the middle region are difficult to analyze

because of some possible tissue reaction to the magnet implant.

As blood supply to the ischemic bone is supported by the

collateral circulation, it is likely that BMDof the ischemic bone is

affected by the newly formed vessels. It is possible that SMFhave

an influence on formation of collateral circulation. Some reports

show that SMF influences blood flow (19), vascular endothelial

growth factors (20–27) and immunoreactivity for VEGF (28),

suggesting that the increase in collateral circulation affects bone

formation. However, there is no decisive explanation for these

findings at present. We are now evaluating SMF exposure to

angiogenesis using in vivo experimental models.

Figure 4. Slice preparation in the sagittal direction at 0.1 mm interval. The rod

was implanted at the middle portion of the femurs.

A

B

Figure 5. Number of microspheres (Ø¼ 10.0 m) (A) and the BMD (B) (13) of

the rat femur at 3 weeks after operation. L, femoral artery was ligated. CON, no

operation (n ¼ 24 for each group). *P < 0.05. **P < 0.01.
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Conclusion

A samarium–cobalt magnet was implanted into the middle

diaphysis of the ischemic femurs of rats. BMD and collateral

circulation were valuated by microsphere injection. The BMD

and number of microspheres in the ischemic femur were

increased by the SMF exposure at the proximal region. This

reduction of BMD in the ischemic bone may have been

prevented by higher formation of collateral circulation.
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