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In this study the electrical and dielectric properties o f  wet human cancellous bone 
from distal tibiae were examined as a function o f  frequency and direction. The resis- 
tance and capacitance o f  the cancellous bone specimens were measured at near 100% 
relative humidity. The measurements were made in all three orthogonal directions at 
discrete frequencies ranging from 120 HZ to 10 MHz using an LCR meter. A t  a fre- 
quency o f  100 kHz, the mean resistivity and specific capacitance for  the thirty can- 
cellous bone specimens were 500 ohm-cm and 8.64 pF/cm in the longitudinal 
direction, 613 ohm-cm and 15.25 pF/cm in the anterior-posterior direction, and 609 
ohm-cm and 14.64 pF/cm in the lateral-medial direction. All electrical and dielectric 
properties except the resistivity and the impedance were highly frequency dependent 
for  the frequency range tested. All electrical and dielectric properties were transversely 
isotropic as the values for  the longitudinal direction were different f rom values 
obtained for the two transverse directions and properties in the two transverse direc- 
tions were approximately similar. 

Keywords-Electrical properties, Cancellous Bone, Frequency dependence, Resis- 
tance, Capacitance. 

I N T R O D U C T I O N  

Since the early seventies, electrical s t imula t ion  has gained wide acceptance amongs t  
o r thopaed ic  surgeons for  the t r ea tment  o f  nonun ions  and  congeni ta l  pseudar thros is .  
S t imula t ions  with direct  cur rent  by  means  o f  i m p l a n t e d  e lec t rodes  or  pe rcu t aneous  
pins and  with pulsing electromagnet ic  fields by  means  o f  external  coils have been used 
with a lmost  equal success. However ,  the basic mechanisms o f  these t rea tment  moda l -  
ities are still unknown.  Fo r  an analysis o f  the effect o f  electrical s t imulat ion on  bone,  
it  is essential  to first  character ize  its electr ical  p roper t ies  (3,11). Several  inves t iga tors  
(1,7,9,16,23,24) have s tudied the electr ical  and  dielectr ic  p roper t ies  o f  cor t ica l  bone .  
However ,  mos t  whole  bones  are  c o m p o s e d  o f  three  bas ic  par t s :  (a) the  cor t ica l  or  
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compact outer portion, (b) the porous cancellous or trabecular portion, and (c) the 
marrow and other tissues that fill the pores of cancellous, and to some extent corti- 
cal, bone (6). Although there are data on the electrical properties of cortical bone and 
there are some data on bone marrow (25), almost no information is available on the 
electrical properties of cancellous bone (18,19,20). The objective of  this study was 
to measure the electrical and dielectric properties of  cancellous bone. Because elec- 
trical stimulation by a pulsed electro-magnetic field contains a wide range of frequen- 
cies, we also investigated the frequency-dependence of  the electrical properties of 
cancellous bone. 

M E T H O D S  A N D  P R O C E D U R E S  

Sample Preparation 

Three tibiae were obtained from below-knee amputations, with the details of each 
as follows: 

Sex Race Age 

M Black 71 
F Black 60 
M Black 54 

Diagnosis 

Peripheral vascular disease of  right leg 
Gangrene of  right foot 
Gangrene of  left foot 

The specimens were obtained shortly after pathological examination and had been 
maintained under refrigeration from post-surgery until examination. All of  the soft 
tissue was removed, and the bones were wrapped in cotton towels soaked in Ringer's 
solution and placed in plastic bags which were then sealed. The specimens were stored 
in a freezer at - 1 0  to - 20~  until they were machined. 

Each frozen specimen was thawed, unwrapped, and machined; they were main- 
tained and kept moist throughout the machining process. Cancellous bone specimens 
approximately one cubic centimeter (1 cm x 1 cm • 1 cm) were machined from the 
distal portion of  each tibia using the scheme shown in Fig. 1. The tibiae were first 
cut to remove the distal end and the medial and anterior sides, with enough mate- 
rial removed to give a flat surface across most of  the area. They were then sectioned 
into one centimeter thick sections perpendicular to the lateral-medial plane going 
from the medial side to the lateral side. The resulting sections were then machined 
in the same manner for the anterior-posterior direction to produce rectangular bars 
with the long direction anterior-posterior. The bars were machined into thirty 1 cm 3 
specimens, ten from each tibia, which were used for the electrical measurements. 
Each specimen was cleaned in an ultrasonic cleaner to remove the surface debris. The 
specimens were maintained in lactated Ringer's (pH 6.5) solution throughout the 
experiment, and the samples were marked to indicate the orientation. 

Electrical Measurement 

Figure 2 shows the experimental set-up used in measuring the electrical properties 
of  the specimens, which were tested in all three directions (longitudinal, ante- 
rior-posterior, and lateral-medial). Chlorided-silver metal electrodes 1.5 cm in diam- 
eter were used to make the electrical contact. The resistance and capacitance in all 
three directions were measured at frequencies of  10 k, 100 k, and 1 MHz using a 
multi-frequency LCR meter (HP 4275A). In the longitudinal direction, additional 
readings were taken at frequencies of 20 k, 40 k, 200 k, 400 k, 2 M, and 4 MHz using 
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the LCR meter, and at 120 Hz and 1 kHz utilizing a second LCR meter (HP 4262A). 
The measurements were taken at 27~ in a humidity chamber at near 100% relative 
humidity to prevent moisture loss during the test, which may affect the electrical 
properties (17). By working with a few specimens at one time, all of  the measure- 
ments could be completed within one or two days after machining. This was done 
in order to prevent possible changes in the electrical properties with time, as previ- 
ously reported by Saha and Williams (21) and Liboff  et al. (10). 

Physical  Propert ies  

After testing for electrical properties, the dimensions of  the bone specimens were 
measured with a micrometer,  and the wet weight was determined. The specimens 
were then cut to remove a thin section f rom two or three of  the faces and processed 
for future micro-structure analysis. The specimens were remeasured after these sec- 
tions were removed. The specimens were then cleaned in a solution of acetone in an 
ultrasonic cleaner (Bransonic 220) for one hour, after which the acetone was changed 
and the specimens were replaced in the ultrasonic cleaner. They were then placed in 
a dessicator overnight followed by treatment in a vacuum oven (Fisher Isotemp model 
281) at 100~ for one hour (under a vacuum). The dry weight of  the samples was 
determined. The samples were then ashed in a laboratory box furnace (Lindberg 
model 51894) by exposing them for no less than eight hours at 550~ The ash weight 
was measured, and from these measured values, the wet density, the dry density, and 
the ash density were calculated. 

Data  Analys is  

The values of  the various electrical and dielectric parameters  were calculated by 
the following procedure (16). The resistivity and the specific capacitance were calcu- 
lated using the equations 

R~p = R A / d  (1) 

C w = C d / A  (2) 

where R w is the resistivity of  the bone tissue in ohm-cm, C w is the specific capaci- 
tance in pF /cm,  R and C are the measured resistance and capacitance values of  the 
whole specimen, A is the cross-sectional area of  the measured surface, and d is the 
thickness of  the specimen in the direction of measurement. From these two calculated 
values, the remaining electrical properties were calculated as follows: 

a = 1/Rsp (3) 

e' = Cw/eo (4) 

e "  = 1/ (27rfRwe~) 

Zsp = Rsp/  4 (27rfRsp Csp) 2 -~- 1 

(5) 

(6) 

0 = - arctan (27rfRsp C w) (7) 
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where a is the conductivity, e' and e" are the dielectric permittivity (or dielectric con- 
stant) and dielectric loss factor, respectively, which together express the complex 
dielectric permittivity given by 

* = e' -- je"  (8) 

where zsp is the specific impedance, 0 is the phase angle in degrees, f is the fre- 
quency in Hertz, and Co is the permittivity of  free space, which is equal to 8.854 x 
10 -12 F/re .  

RESULTS 

Frequency Dependence 

The resistivity decreased by 15% from 1 kHz to 10 kHz and then remained fairly 
constant for the remainder of the frequency range measured (Fig. 3). The log of  the 
specific capacitance decreased as the log of  the frequency increased showing an 
inverse relationship, with the change less at higher frequencies (Fig. 4). The specific 
impedance was almost equal to the resistivity at the lower frequencies. However,  as 
shown in Fig. 5 the specific impedance began to deviate from the resistivity, being 
5o70 less at l0 MHz. This is probably due to an increased contribution of the specific 
capacitance, to be discussed later. This deviation is better illustrated by the frequency 
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FIGURE 4. Average specific capacitance for the longitudinal direction as a function of frequency. 

dependence of the phase angle, as shown in Fig. 6. Even with this slight deviation, 
the specific impedance changed similarly with frequency, as did the resistivity. The 
dielectric permittivity shown in Fig. 7 had a relationship to frequency similar to that 
of  the specific capacitance due to its relation to the specific capacitance. Figure 8 
shows that the dielectric loss factor had an inverse log-log relationship with the 
frequency. 

Direction Dependence 

Table 1 shows the means and the standard deviations for the resistivity and spe- 
cific capacitance of  the cancellous bone specimens measured in the three directions 
at a frequency of  100 kHz. The specific capacitance was considerably lower in the 
longitudinal direction, and the resistivity was also somewhat lower in the longitudi- 
nal direction compared with the anterior-posterior (AP) or lateral-medial (LM) direc- 
tions, although properties in the AP and LM directions were similar (Table 1). This 
shows the transversely isotropic nature of the cancellous bone in the distal tibia. The 
difference in the capacitance values between the longitudinal and transverse directions 
were significant (p < 0.01) at 100 kHz and 1 MHz but not significant at the lower 
frequency of 10 kHz. 

A highly significant (p < 0.001) positive correlation was found between the 
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TABLE 1. Electrical properties (mean + 1 s.d.) of 30 cancellous bone 
specimens measured at a frequency of 100 khz. 
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Direction 

Longitudinal Anterior-Posterior Lateral-Medial 

Resistivity (ohm-cm) 

Specific capacitance (pF/cm) 

500 + 170 613 + 221 609 + 242 

8,64 _+ 2.53 15.25 _+ 3.71 14.64 _+ 4.56 

resistivities in the longitudinal direction (RL) and the AP direction (RAp) (Fig. 9). 
This relationship can be expressed as 

RAp = -1.70 + 1.23RL 

where both RAp and RL are expressed in Ohm-cm. 
Figure 10 shows the specific impedance for the three directions as a function of 

the frequency. For the frequency range examined, the specific impedance did not 
change except for the increasing contribution of the specific capacitance to the 
impedance at the higher frequencies. This was most evident in the relationship 
between the phase angle and the frequency (Fig. 11), which makes it clear that the 
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contribution of the specific capacitance at the higher frequencies was greater for the 
two transverse directions than for the longitudinal direction. This increased differ- 
ence at higher frequencies can also be verified from the relationship between the rel- 
ative dielectric constant and frequency, as shown in Fig. 12. At lower frequencies, 
the difference is less than at higher frequencies. As shown in Fig. 13, the dielectric 
loss factor in the longitudinal direction was slightly higher than it was in the two 
transverse directions, showing the transversely isotropic nature of cancellous bone. 

It is important to point out that, as shown in Table 1, the values and the electri- 
cal properties varied by as much as 30% or more of  the mean for the 30 specimens. 
Although the resistivity varied greatly, the dielectric properties varied much less at 
higher frequencies than at lower frequencies. Figures 9 through 12 also indicate that 
although the electrical properties in the longitudinal direction were generally much 
different from these in the two transverse directions, properties in the two transverse 
directions were not much different f rom each other. 

Physical Properties 

Table 2 shows the mean and standard deviations of the wet, dry, and ash densi- 
ties for the 30 specimens. The difference between the highest value and the lowest 
value of the apparent wet density for the 30 specimens was only 0.2971 g/cc, yet the 
dry density varied by 0.35818 g/cc and the ash density varied by 0.22925 g/cc. The 
percent ash content of  the dry weight was approximately 54.2%0, which is in good 
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agreement with 56.2~ obtained by Gong et al. (5). The bone material represented 
21o70 to 46070 of  the tissue by weight. 

The specific capacitance showed a highly significant positive (p < 0.001) correla- 
tion with the wet density (p) at 100 kHz and at 1 MHz (Fig. 14). These relationships 
are given by 

and 

Csp = -15.97  + 24.2p at 100 kHz 

Csp = -6 .96  + 11.2p at 1 MHz 

TABLE 2. Physical properties (mean, standard deviation, and range) 
of 30 human cancellous bone specimens (n = 10), 

Apparent Density (g/cc) 

Wet Dry Ash 

Ash Content 
(% of dry wt.) 

Mean 1.0176 0.3358 

S.D. 0.0679 0.0865 

Range 0 .8793-1 .1764 0 .1838-0 .5420  

0.1840 54.2 

0.0546 3.2 

0 .0857-0 .3150  46 .2 -58 .3  
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where Csp is measured in pF/cm and 0 in g/cc. However, at the low frequency of 
10 kHz, although there was a slight increase in capacitance with increasing wet den- 
sity, this relationship was not statistically significant (p > O. 1). Similarly, the resis- 
tivity did not show a significant positive correlation with the wet density at 100 kHz. 
We are continuing our investigation on the relationships between other physical and 
electrical properties of cancellous bone, and these results will be reported in detail 
in a future paper. 

Comparison with Other Tissues 

In Figs. 15 and 16, the conductivity and the dielectric data are compared with data 
from human ligament (15) and from muscle, spleen, and liver (26). It can be seen 
from Fig. 15 that both the ligament and the cancellous bone, which are tissues of low 
cellular content, have a similar relationship with frequency but are different from the 
other tissues, which are characterized by higher cellular content. Perhaps the rela- 
tively low water content of cancellous bone and ligament is the main factor contrib- 
uting to the differences for the permittivity data as noted by the shift in the values 
as explained by Pethig (12,13,14). From Eq. 6, it can be shown that Rsp = Z w pro- 
vided that (27rfRwC~p) 2 << 1. This explains why at the higher frequencies the specific 
impedance begins to be less than the resistivity. This effect is better illustrated by the 
phase angle relationship shown in Fig. 6, which is derived from Eq. 7 indicating as 
27rfRwC w increases that the phase angle will become more negative. This effect is 
important because it clearly shows that the electrical behavior is increasingly influ- 
enced by capacitance at higher frequencies. Figure 7 illustrates that the cancellous 
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bone, similar to most other tissues, reaches a value close to a million for the dielec- 
tric permittivity as the frequency approaches 100 Hz (22). 

The conductivity data in the longitudinal direction for the frequency range 120 Hz 
to 10 MHz  are similar to those of  Smith and Foster (25) for bone marrow indicating 
that the major  contribution to the conductivity was probably made by the bone mar- 
row. Yet the permittivity data appear  to be different, with the mean and standard 
deviation values at 10 MHz for the 30 cancellous bone specimens being 33.06 +_ 8.82, 
which is higher than 22.8 +_ 8.6 obtained by Smith and Foster (25) using a parallel- 
plate cell for the measurement.  

When we compare  the resistivity of  human cancellous bone (Fig. 3) with that o f  
bovine compact  bone measured in our  earlier study (16), we found that the resistiv- 
ity of  cancellous bone was significantly lower (by an order of  magnitude or more) 
than that of  compact  bone. This is not surprising because cancellous bone has more 
bone marrow than compact bone. On the other hand, the specific capacitance of the 
cancellous bone samples was much higher than that of  compact bone samples (16,24). 
Moreover,  the electrical properties of  compact  bone were more direction-dependent 
(1,16) when compared with the cancellous bone, as shown in Figs. 10 to 13. Thus, 
while compact  bone behaved more as a truly anisotropi c material,  the human can- 
cellous bone samples showed a transversely isotropic behavior.  

DISCUSSION 

The bone specimens used in this study were taken f rom individuals that had some 
peripheral vascular disease with arterial insufficiency in the limb, which may have 
affected bone circulation; which in turn may have had some effect on the properties 
of  bone tissue, as is sometimes the case for other tissues (4,28). However,  the gan- 
grene portion was only in the distal feet, and the tibia appeared to be normal.  Also, 
the bone specimens were taken f rom individuals who were between 50 and 80 and 
therefore may have had different electrical properties than specimens taken f rom 
younger individuals (27). 

Due to limitations of  our measurement system, the electrical properties at very low 
frequencies (< 120 Hz) were not measured. A separate study should be conducted to 
characterize the electrical properties at these lower frequencies, which are dominant  
during locomotion and other physiological activities. 

The variations in the electrical properties for longitudinal and transverse directions 
that we report can perhaps be explained in terms of  the orientation of trabeculae in 
the cancellous bone samples. Relationships between the electrical properties and 
microstructure for cortical bone have been previously investigated by Kosterich et al. 
(8) and by Chakkalakal and Johnson (2). We are presently examining the microstruc- 
ture of  the tested cancellous bone samples in different directions. In a future com- 
munication,  we hope to correlate the electrical properties with microstructural  
variables and other physical characteristics. 
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