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Abstract—In this study, we examined the electrical properties
of wet human cortical and cancellous bone tissue from distal tibia
and their relationship to the wet, dry, and ash tissue densities.
The resistivity and specific capacitance of both cortical and can-
cellous bone were determined for different frequencies and di-
rections (orientation). The wet, dry, and ash tissue densities of
the bone samples were measured, and the ash content was de-
termined. Correlation and regression analysis was used to exam-
ine the possible relationships among the electrical properties and
the tissue densities for cancellous and cortical bone specimens
separately as well as for all of the bone specimens combined.
Highly significant positive correlations (p < 0.001) were found
between the wet density of bone and the dry and ash densities.
The specific capacitance of the cancellous bone specimens in all
three orthogonal directions showed significant (p < 0.01) posi-
tive correlations with the wet, dry, and ash densities. In general,
the specific capacitance depended more on density for all bone
specimens, and only a weak relationship was found between the
resistivity of human cortical bone and density.

Keywords—Electrical properties, Human bone, Density, Resis-
tance, Capacitance.

INTRODUCTION

Since the early 1970s, electrical stimulation has been
used by orthopedic surgeons for the treatment of non-
unions and congenital pseudoarthrosis (1-3,21,29,45).
Both direct current stimulation by means of implanted
electrodes (3,21) and induced stimulation by means of
external coils (1,2,5,11) have been used. In addition, ca-
pacitively coupled stimulation has been demonstrated as a
possible treatment methodology (4). Recently, electrical
stimulation also has been suggested as a possible treatment
modality for osteoporosis, (4,37,49) and for enhanced
healing of massive bone grafts after bone tumor resections

(5).
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However, the transduction mechanisms of these treat-
ment modalities and the stimulation parameters necessary
for obtaining the maximum clinical effectiveness are not
widely known (46). If we can characterize the electric
field and current distributions in bone resulting from direct
and induced electrical stimulation, then it will be possible
to develop a better understanding of the role of electrical
stimulation in bone remodeling (10,16). As a first step
toward developing a model for estimating the current dis-
tribution in bone, we need accurate data on the electrical
properties of both cortical and cancellous bone and the
factors that influence them (10,29). Several investigators
have measured the electrical and dielectric properties of
cortical bone (8,9,13-15,17,25-28,34,41,46). Most of
these studies were conducted in vitro, because in vivo
impedance measurements do not provide accurate data re-
garding the electrical material properties because of the
irregular geometry and inhomogeneous structure of bone
(48). Therefore, in vitro measurements have been per-
formed by us and other investigators on standardized bone
specimens to determine the dielectric properties of bone
tissue. However, one of the difficulties in determining the
dielectric properties of any biological tissue is that many
factors may affect the impedance measurement in an in
vitro experiment (37,48). These factors can result in mea-
surements that are significantly different from in vivo bone
properties (48). Many early authors measuring electrical
properties of bone used bone tissue from animals, such as
the rat or cow, or used human bone material that was dried
or allowed to dry and then rehydrated (35,48). It has been
shown that rehydration may not fully restore the original
moisture content of bone, and this affects its measured
bone properties (48). Moreover, the dielectric properties
of human bone tissue may differ from those of animal
bone tissues (25). Many factors, such as moisture content,
fluid conductivity, and the frequency of measurement,
have been demonstrated to affect the electrical behavior of
bone tissue (9,26,34) and these have been described in
detail by Saha er al. (38) and Singh and Saha (48).

Most whole bones are composed of the cortical or com-
pact outer shell, the porous cancellous or trabecular por-
tion, the marrow and other tissues filling the pores of the
cancellous, and to some extent the cortical bone (19,23).
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TABLE 1. Details of the below-knee amputation specimens.

Age
Specimen Sex Bone Type {years) Diagnosis
1 M Cancellous 7 Peripheral vascular disease of right leg
2 F Cancellous 60 Gangrene of right foot
3 M Cancellous
and cortical 54 Gangrene of left foot

Information is available regarding the electrical properties
of cortical bone, (48) with limited information for cancel-
lous bone (40) and bone marrow (50). De Mercato and
Garcia-Sanchez (13,14) have shown that, for bovine bone,
the electrical and dielectric properties vary with the loca-
tion of the sample and the properties of cortical bone dif-
fers from those of cancellous bone. Previously we have
measured the electrical and dielectric behavior of wet hu-
man cortical and cancellous bone from distal tibiae (40—
42). In these previous studies, data were presented on the
frequency dependence of the electrical and dielectric prop-
erties of cortical and cancellous bone. In addition, some
preliminary data were presented concerning relationships
among the properties in the longitudinal direction and the
transverse directions, as well as relationships among the
electrical and dielectric properties and the tissue densities
(40-42). The relationship between the mechanical prop-
erties of bone and its physical properties (densities) has
been investigated in detail (6,7,20,23,24). It has been es-
tablished that the cortical and the cancellous bone tissue
can be considered mechanically as one material with vary-
ing densities (7,20,23,24). Although this does not negate
the role of microstructure, densities can be obtained from
computed tomography (CT) data. This relationship can be
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used in determining the material properties of in vivo bone
for finite element models (FEM) used in biomechanical
studies (22). To understand the electric field and current
distributions in bone under in vivo conditions, it is neces-
sary to estimate the electrical properties for different re-
gions and for each portion (cortical, cancellous, and mar-
row) of the whole bone. This could aid in the development
of appropriate models for simulating the field and current
distributions and determining interfacial effects among the
cortical bone, the cancellous bone, and the marrow (10).
Because the density at any point in a bone can be deter-
mined noninvasively with CT methods, the development
of an in vivo electrical model of bone would be facilitated
if a relationship were established between the tissue den-
sity and the electrical properties of the bone. In addition,
such information could be useful in the development and
interpretation of electrical impedance tomography and
other noninvasive techniques (53,54).

Therefore, the objective of this work was to examine
the possible relationships among the electrical properties
and tissue densities for both human cortical and cancellous
bone. A pulsing electromagnetic field can contain a wide
range of frequencies; so measurements at various frequen-
cies were made and the relationships investigated for dif-
ferent frequencies. Other investigators have shown that
the electrical properties are dependent on the direction of
the measurement and orientation of the sample. Therefore,
measurements were made in all three principal directions.
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FIGURE 1. Diagram of distal tibia and the machined cancel-
lous bone sample.
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FIGURE 2. Diagram of distal tibia section and the machined
cortical bone sample.
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FIGURE 3. Schematic of the measurement setup.

MATERIALS AND METHODS
Sample Preparation

Three tibiaec were obtained from below-knee amputa-
tion specimens of three African-American patients. De-
tails of each of these tibia specimens are shown in Table 1.
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 tow-
els soaked in lactated Ringer’s solution and placed in plas-
tic bags, which were then sealed. For specimens 2 and 3,
the gangrene was localized at the distal tip of the foot, and
the tibiae appeared to be normal. The specimens were
stored in a freezer at — 10 to —20°C until they were
machined.

The whole bone specimens were machined to prepare
standardized samples. The bone samples were kept moist
with water irrigation throughout the machining process.
Cancellous bone specimens that were approximately 1 cm
X 1 em X 1 em (1 cm®) were machined from the distal
portion of each tibia by using the scheme shown in Fig. 1.
Details of the machining process have been previously
described (40). A total of 30 1 cm? cancellous bone sam-
ples, 10 from each tibia, were used for the electrical mea-
surements. In addition, 10 cortical bone samples were
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FIGURE 4. Dry density {p,,,} and ash density (p,,,,) as a func-
tion of the wet density (p,,,,) for the cancellous bone speci-
mens.

machined from specimen 3 (Table 1). Five sections that
were approximately 1- to 1.5-cm long were cut from the
distal third of the tibia. From these sections, 10 rectangu-
lar cortical bone samples that were approximately 1-1.5
cm in the axial direction, 0.5-1 cm in the circumferential
direction, and 0.4-0.7 cm in the radial direction were
machined. As shown in Fig. 2, the samples were ma-
chined so that the two transverse faces (radial and circum-
ferential) were flat smooth surfaces correctly oriented with
respect to the long axis of the bone (41). All specimens
were cleaned in an ultrasonic cleaner to remove any sur-
face debris, maintained in lactated Ringer’s solution (pH,
6.5) with an antibacterial agent, and marked so that the
orientation was known (40,41). The samples were placed
in the humidity chamber (27°C at approximately 100%
relative humidity) immediately after preparation. The
chamber and samples were allowed to equilibrate over-
night before measurements were made.

Electrical Measurements

Figure 3 shows the experimental setup used in measur-
ing the electrical properties of the bone specimens that
were tested in all three directions (longitudinal, anterior-
posterior, and lateral-medial for the cancellous bone and
axial, circumferential, and radial for the cortical bone).
Other authors have shown that the dielectric properties of
bone vary as a function of moisture content (36,38).

TABLE 2. Physical properties (mean = SD) of cancellous and cortical bone samples.

Apparent Density (g/cc)

Ash Content

Wet Dry Ash (% of dry wt.)
Cancellous (n = 30) 1.018 = 0.068 0.336 = 0.087 0.184 = 0.055 54.2 = 3.2
Cortical (n = 10) 1.857 = 0.043 1.5679 = 0.053 1.059 = 0.050 67.0 = 1.1
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FIGURE 5. Dry density (p,,,) and ash density (p,.,,) as a func-
tion of the wet density (p,,,,) for the cancellous and cortical
bone specimens combined.

Therefore, measurements were made at a temperature of
27°C in a humidity chamber at near 100% relative humnid-
ity to prevent moisture loss during testing. Chlorided-
silver metal electrodes, 1.5 cm in diameter, were used for
the electrical measurement of the specimens (38,40,41).
The resistance and the capacitance in all three directions
were measured at frequencies of 10 kHZ, 100 kHZ, and 1
MHZ by using a multifrequency LCR meter (Hewlett
Packard 4275A, Hewlett Packard, Englewood, CA). The
properties in the longitudinal or axial direction also were
measured at frequencies of 120 HZ, 1 kHZ, 20 kHZ, 40
kHZ, 200 kHZ, 400 kHZ, 2 MHZ, 4 MHZ, and 10 MHZ.
A second LCR meter (Hewlett Packard 4262A) was used
for the measurements at 120 HZ and 1 kHZ. Electrode
artifacts, in particular, those at the lower frequencies (<10
kHZ) have been shown previously to not be significant for
the electrodes used (38,40,41).
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FIGURE 6. Ash density (p,,,) as a function of dry density (p,,,)
for cancellous and cortical bone specimens.
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FIGURE 7. Ash density (p,,;,) as a function of dry density {p,,}
for cancellous and cortical bone specimens combined.

Physical Properties

After the electrical properties and the dimensions of the
specimens were measured, their wet weight was deter-
mined by using a balance (Sartorius 2434, Sartorius, Bo-
hemia, NY). All specimens then were cleaned in a solu-
tion of acetone in an ultrasonic cleaner (Bransonic 220,
Branson Ultrasonics Corp., Danbury, CT) for I hr, then
the acetone was changed, and the specimens were placed
back into the ultrasonic cleaner for | additional hr. Sub-
sequently, the specimens were dried in a desiccator over-
night, and then further dried in a vacuum oven (Fisher
Isotemp 281, Fisher Scientific, Pittsburgh, PA) at 100°C
for 1 hr in a vacuum. Then, the samples were weighed in
aluminum weighing pans to obtain the dry weight. Fi-
nally, the samples were ashed in a laboratory box furnace
(Lindberg 51894, Lindberg, Watertown, WI) for no less
than 4 hr at 550°C, and the ash weight was measured.
From these measurements, the wet, dry, and ash densities
were calculated. All densities were calculated in terms of
the overall sample volume.

Data Analysis

The values of the various electrical and dielectric pa-
rameters were calculated by using the following procedure
and equations. The resistivity (Ry,) and specific capaci-
tance (C,,) were calculated by using the following rela-
tions:

R, = R * Ald (1
Cp = C * diA )

where R and C are the measured resistance and capaci-
tance of the specimen, respectively, A is the cross-
sectional area of the measured surface, and d is the thick-
ness of the specimen in the direction of measurement.
Regression analysis was performed to examine the rela-
tionships among the electrical properties of bone and the
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TABLE 3. Linear regression results of the relationships among the wet, dry, and
ash densities for the cancellous (n = 30) and cortical (n = 10) bone specimens.

b m
X Bone Intercept Slope r Value p Value Fig.
Pwet VErSUS pyyy Cancellous -0.870 1.190 0.9274 <0.0001 4
Pwet VEISUS Pach Cancellous —0.590 0.763 0.9409 <0.0001 4
Pwet VEISUS py,y Combined —1.063 1.385 0.9766 <0.0001 5
Pwet VEISUS pach Combined —0.799 0.973 0.9772 <0.0001 5
Pdry VErSUS pagh Cancellous —0.028 0.630 0.9953 <0.0001 6
Pary VErSUS Pagy Cortical —0.065 0711 0.9935 <0.0001 6
Pary VETSUS pagp Combined —0.052 0.702 0.9996 <0.0001 7

tissue densities. Because the relationship between the me-
chanical properties and the densities has been shown to be
a power law relation, (6,7) we investigated both linear and
power function regressions in analyzing our data.

RESULTS
Physical Properties

Table 2 shows the means and standard deviations for
the wet, dry, and ash densities (pyees Parys a0d Py, TE-
spectively). As can be seen in Table 2, there were small
variances in the tissue densities. The percent ash contents
of the dry weight of 54.2% for the cancellous bone and
67.0% for the cortical bone compare well with those of
56.2% and 63.1%, respectively, obtained by Gong ef al.
(18). These results have been discussed previously
(40,41). Figure 4 shows the relationships among the dry,
ash, and wet densities for the cancellous bone specimens.
Figure 5 shows the relationships among the dry, ash, and
wet densities for the cancellous and cortical bone speci-
mens combined. Figures 6 and 7 show the relationship
between the dry and ash densities for the cancellous and
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FIGURE 8. The specific capacitance (C,,) as a function of wet
density for the longitudinal, anterior-posterior, and lateral
medial directions at a frequency of 100 kHZ.

cortical bone specimens. Figure 6 show this separately for
the cancellous and cortical bone. In Fig. 6, it is shown that
the two lines are similar; therefore, the cancellous and
cortical bone samples were pooled, and a linear regression
analysis was conducted for all of the specimens, which
resulted in the graph shown in Fig. 7. Table 3 lists all of
the regression results for Figs. 4-7. The slopes for the
relationships between the dry and ash densities are given
in Table 3 are 0.63 for the cancellous bone and 0.711 for
the cortical bone. These values, when expressed as per-
centages, are 63% and 71.1%, which, when compared
with the ash contents shown in Table 2, differ by 16.2%
for the cancellous bone and 6.1% for the cortical bone.
Keyak et al. (24) have reported a value of 59.7% for the
regression slope between the dry and ash densities. This is
a difference of 3.3%, however, their data was for proxi-
mal tibial cancellous bone, whereas our data was for distal
tibial cancellous bone (24). In both studies, r values of
0.995 and 0.996 were found.

Electrical Properties as a Function of Density

No significant correlations existed between the densi-
ties and the resistivity of the cancellous bone sample; how-
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FIGURE 10. The specific capacitance (C,,) as a function of ash
density for the longitudinal, anterior-posterior, and lateral
medial directions at a frequency of 100 kHZ.

ever, statistically significant positive correlations were
found between the densities and the specific capacitance.
The relationships between the densities and the specific
capacitance for the cancellous bone samples are shown in
Figs. 8-13 along with the linear regression lines. The
coefficients for the linear regression lines are described in
Tables 4 and 5. Similarly, the coefficients for the power
regression results are shown in Tables 6 and 7. The gen-
eral equations are of the form

C_‘sp = b + m*p (linear)

(63

C o = a*p (power)

where C,, is the specific capacitance, a and b are con-
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medial directions at a frequency of 1 MHZ.

stants, p is the density, m is the linear slope, and a is the
exponential power. Although the power-fit curves are not
shown in Figs. 8-13, the figures do show the data points
used in the regression. It can be seen from Tabies 4-7 that,
in general, the power-fit equations have a higher r value
and a lower p value than do the linear equations. Tables 6
and 7 show the exponential values of 1.9-2.94 for the wet
density, 0.47-0.78 for the dry density, and 0.39-0.64 for
the ash density. Carter and Hayes (6,7) found that the
compressive strength was related to the square of the den-
sity, and the strain rate was related to the 0.06 power.
Analogously, strain rate and frequency are both time rate
of change phenomena, on which the mechanical and elec-
trical properties, respectively, are dependent. Therefore,
we examined the specific capacitance as a function of both
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TABLE 4. Linear regression results for the cancellous bone specimens (n = 30) for
the specific capacitance (C,,) as a function of density at a frequency of 100 kHZ.

X Direction b Intercept m Slope r Value p Vaiue Fig.
Pwet LO -15.14 23.45 0.6092 <0.001 8
Pwet AP —18.55 33.35 0.5898 <0.001 8
Puet LM —22.60 36.61 0.5166 <0.01 8
Pary LO 3.60 15.09 0.4887 <0.01 9
Pary AP 6.03 27.59 0.6270 <0.001 9
Pary LM 3.77 32.10 0.5870 <0.001 9
Pash LO 3.93 25.75 0.56337 <0.01 10
Pash AP 7.39 42.97 0.6173 <0.001 10
Pash LM 5.46 49.44 0.5705 <0.001 10

LO, longitudinal; AP, anterior-posterior; LM, lateral-medial.

TABLE 5. Linear regression results for the cancellous bone specimens {n = 30) for
the specific capacitance (C,,) as a function of density at a frequency of 1 MHZ.

X Direction b Intercept m Slope r Value p Value Fig.
Pwet LO —-6.67 11.00 0.5997 <0.001 "
Pwet AP -6.39 14.43 0.5587 <0.001 1"
Pwet LM -9.27 16.81 0.4881 <0.01 "
Pdry LO 212 7.07 0.4804 <0.01 12
Pdry AP 4.51 11.14 0.5505 <0.01 12
Pdry LM 2.89 14.61 0.5500 <0.01 12
Pash LO 2.28 12.03 0.5228 <0.01 13
Pash AP 5.02 17.55 0.5486 <0.01 13
Pash LM 3.63 22.64 0.5381 <0.01 13

LO, longitudinal; AP, anterior-posterior; LM, lateral-medial.

TABLE 6. Power regression results for the cancellous bone specimens {n = 30) for
the specific capacitance (C,,) as a function of density at a frequency of 100 kHZ.

X Direction a Constant o Exponent r Value p Value Fig.
Pwet LO 8.00 2.94 0.6551 <0.0001 8
Pwet AP 14.45 2.36 0.6537 <0.0001 8
Puwet LM 13.38 2.86 0.5905 <0.0005 8
Pdry LO 16.67 0.62 0.5524 <0.0005 9
Pdry AP 29.68 0.61 0.6947 <0.0001 9
Pdry LM 33.54 0.78 0.6116 <0.0001 9
Pash LO 21.74 0.55 0.5652 <0.0005 10
Pash AP 36.05 0.51 0.6459 <0.0001 10
Pash LM 42.62 0.64 0.5997 <0.0001 10

LO, longitudinal; AP, anterior-posterior; LM, lateral-medial.

TABLE 7. Power regression results for the cancellous bone specimens (n = 30) for
the specific capacitance (C,,) as a function of density at a frequency of 1 MHZ.

X Direction a Constant o Exponent r Value p Value Fig.
Dot LO 4.19 2.64 0.6025 <0.0001 1
Pwet AP 7.90 1.90 0.5689 <0.0005 1
Pwet LM 7.27 244 0.5008 <0.001 1"
Pary LO 8.10 0.55 0.5172 <0.0005 12
Pary AP 13.68 0.47 0.5892 <0.0005 12
Pdry LM 15.85 0.66 0.5816 <0.0005 12
Bash LO 10.26 0.49 0.5581 <0.001 13
Pash AP 16.01 0.39 0.5917 <0.0005 13
Pash LM 19.49 0.55 0.5743 <0.0005 13

LO, longitudinal; AP, anterior-posterior; LM, lateral-medial.
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FIGURE 14. The relationship between the resistivity and the
dry density in the three orthogonal directions for human cor-
tical bone.

wet density and frequency. The resultant equation for the
axial direction was

C

sp

72’ 160*f— 0.72*pw2.25

[r = 0.6581, p < 0.001, n = 40]

Only the axial direction was used, because the two trans-
verse directions were measured at three frequencies that
are not sufficient for the regression analysis.

The electrical properties of cortical bone specimens
showed no significant correlations (p > 0.05) with den-
sity; however, a few possible relationships do merit dis-
cussion. Although the cancellous bone samples showed no
correlation between the resistivity and density, the cortical
bone samples did show a trend for a possible relationship
between the resistivity and dry density, as shown in Fig.
14. Similarly, there was a trend for a possible negative
correlation between the specific capacitance and dry den-
sity, as shown in Fig. 15. The linear regression results
between the electrical properties and density of the cortical
bone samples are given in Table 8. As shown in Table 8,
many of the r values are 0.4 or higher, which could be-
come statistically significant with additional numbers of
cortical bone samples.

It has been shown that the mechanical behavior of both
cortical and cancellous bone can be modeled treating bone
as a single material with varying density (6,7,20,23,24).
Therefore, the data for the cancellous and cortical bone
were pooled together to examine the possibility of consid-
ering bone as a single material with varying density with
respect to its electrical behavior. Figure 16 shows the re-
lation between the wet density and the resistivity for the
cancellous and cortical data pooled together. The linear
and power regression equations are as follows:

Ry, = —652 + 1,147*p,, (linear)
[r = 0.8794, p < 0.0001, n = 40]

Ry, = 464*p 170 (power)
[r = 0.7976, p < 0.0001, n = 40]

Figures 17, 18, and 19 show the specific capacitance as a
function of the wet, dry, and ash densities for the axial
direction at frequencies of 10 kHZ, 100 kHZ, and 1 MHZ
for the combined cancellous and cortical data. The regres-
sion results are given in Tables 9 and 10. Although, in
general, the linear regression has slightly higher r values,
the p values are all less than 0.0001. The exponential
values for the power regression are 1.35-2.24 for the wet
density, 0.52-0.85 for the dry density, and 0.46-0.75 for
the ash density.

DISCUSSION

Several important factors should be considered in the
interpretation of the results of this study. All biological
tissues exhibit electrical behavior that is temperature de-
pendent (17,31-33,44). The electrical properties of bone
also have been shown to vary with age in rats (51). The
bone specimens used in this study were taken from indi-
viduals who were between 50 and 80 years of age, and,
therefore, these properties may vary for specimens taken
from younger individuals (51). There is little information
available on age-related changes in the electrical proper-
ties of bone, and additional studies delineating how age
affects the electrical behavior of human bone are war-
ranted. It is believed that a variety of changes, for exam-
ple, chemical changes, occur in bone with changes in age
(19,52). Change in the chemical composition of bone has
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TABLE 8. Linear regression results for the cortical bone specimens {n = 10} for the resistivity
{R,p) in k2 cm and the specific capacitance (C,,) as a function of dry density.

Y Direction b Intercept m Slope r Value p Value Fig.
R., @ 100 kHZ Axial 0.32 0.78 0.4285 NS 14
Ry, @ 100 kHZ Circumferential —-0.61 10.35 0.3407 NS 14
R, @ 100 kHZ Radial -10.33 20.09 0.4051 NS 14
Cop @ 10 kHZ Radial 39.90 —-8.05 0.2715 NS 15
Cs, @ 100 kHZ Radial 17.87 —-5.08 0.4091 NS 15
C,, @ 1 MHZ Radial 6.34 -1.68 0.4011 NS 15
NS, not significant.
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FIGURE 16. The resistivity as a function of wet density in the
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FIGURE 18. The specific capacitance as a function of dry den-
sity in the axial direction at frequencies of 10 kHZ, 100 kHZ,
and 1 MHZ for cancellous and cortical bone specimens com-

bined.
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TABLE 9. Linear regression results for the specific capacitance (C,,) in the axial
direction as a function of wet, dry, and ash densities for the cancellous and cortical
bone specimens combined (n = 40).
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X Frequency b Intercept m Slope r Value p Value Fig.
Pwet 10 kHZ -18.34 68.59 0.6821 <0.0001 17
Pwet 100 kHZ -19.37 27.78 0.9701 <0.0001 17
Pwet 1 MHZ -1.70 6.11 0.9035 <0.0001 17
Pary 10 kHZ 35.88 47.11 0.6635 <0.0001 18
Pdry 100 kHZ 2.34 19.46 0.9637 <0.0001 18
Pdry 1 MHZ 3.12 4.21 0.8810 <0.0001 18
Pash 10 kHZ 39.14 64.63 0.6688 <0.0001 19
Pach 100 kHZ 3.77 27.73 0.9637 <0.0001 19
Pash 1 MHZ 343 5.99 0.8806 <0.0001 19

been shown to affect the streaming potentials (30). We
also have observed changes in the electrical properties of
demineralized bone (43). The individuals also represented
one subpopulation (African-Americans), and there are
known physiological differences between the bone of dif-
ferent races (i.e., bone mineral content, bone formation,
bone turnover). Therefore, care should be taken in the
extrapolation of these data to other populations.

The specimens used in this study were taken from in-
dividuals that had some peripheral vascular disease, which
may have affected bone circulation; bone circulation, in
turn, may have had some effect on the properties of bone
tissue, as sometimes is the case for other tissues (12).
However, the gangrene portion was only in the distal feet,
and the tibia appeared to be normal. In addition, there are
different methods by which the density can be determined
(47). The use of different methods in measuring the bone
density may yield slightly different values, which could
affect the results and use of the data (47). In addition, we
also have shown that the storage method used can affect
the electrical properties of bone (39).

The resistivity of cancellous bone exhibited no corre-
lations with density, but this may not be surprising, be-
cause Smith and Foster (50) have shown that the electrical
properties of bone marrow vary with the composition of
the marrow. This suggests strongly that the conductivity
of cancellous bone can change without a change in den-
sity. The specific capacitance, however, probably is a

function of both the marrow and the bone/marrow inter-
face, which means that a change in density can result in a
significant change in specific capacitance. This is shown
in Figs. 8~13. The cortical bone is different, because the
conductivity of the fluid probably is more consistent,
therefore, a relationship between the resistivity and den-
sity could exist. However, the small number of data points
for the cortical bone may be insufficient to establish the
relationship, and a larger number of samples could show a
correlation. The same small number of cortical bone sam-
ples could be responsible for the lack of significant cor-
relations between the specific capacitance and densities.
The results from the combination of both cancellous and
cortical bone should be examined with care and caution.
This can be demonstrated by studying Figs. 16-19 and by
comparing Tables 4-10. As can be seen in Fig. 16, there
is some scatter in the cancellous and cortical resistivities,
however, because of the number of data points (n = 40)
and the large range in density values, the correlations were
found, although no correlations were found for only the
cancellous bone samples. The slope of 1,147 Q)-cm for the
combined cancellous and cortical bone is 47% more than
the slope of 780 -cm, as given in Table 8 for cortical
bone alone. The exponent for the specific capacitance of
cancellous bone at a frequency of 100 kHZ is 2.94 (Table
6), whereas the exponent for the specific capacitance of
the cancellous and cortical bone combined at a frequency
of 100 kHZ is 2.24 (Table 10).

TABLE 10. Power regression results for the specific capacitance (C,;) in the axial
direction as a function of wet, dry, and ash densities for the cancellous and cortical
bone specimens combined (n = 40).

X Frequency a Constant a Exponent r Value p Value Fig.
Pwet 10 kHZ 43.11 1.50 0.6914 <0.0001 17
Pwet 100 kHZ 8.07 2.24 0.9496 <0.0001 17
Pwet 1 MHZ 4.24 1.35 0.8796 <0.0001 17
Pary 10 kHZ 82.94 0.55 0.6540 <0.0001 18
Pdry 100 kHZ 22.01 0.85 0.9401 <0.0001 18
Pary 1 MHZ 7.76 0.52 0.8760 <0.0001 18
Pash 10 kHZ 104.57 0.49 0.6665 <0.0001 19
Pash 100 kHZ 31.15 0.75 0.9438 <0.0001 19
Pash 1 MHZ 9.60 0.46 0.8832 <0.0001 19
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There are three basic questions or issues with regard to
the data presented. The first issue is whether the relation-
ship between the electrical properties and densities more
likely is a linear or power law relationship. Tables 4-10
indicate that the power law fit could be more likely for the
cancellous bone, which would be similar to what Carter
and Hayes found for mechanical properties (6,7). How-
ever, for the cortical bone, the lack of sufficient numbers
prevents any conclusion, and the pooled results for the
cancellous and cortical bone combined also are not clear.
The second issue is one of the similarity and difference
between the mechanical and electrical behaviors of bone.
The bone marrow is not necessarily important to the me-
chanical behavior of bone (6,7,20), but, it is very impor-
tant for the electrical behavior of bone (40). Both the
mechanical and electrical properties are influenced by the
bone structure (8,20,23-25); however, the relationship be-
tween the electrical behavior of bone and its structure is
not well known, and it is likely to be different from that
between the mechanical behavior and structure. Finally,
the third issue is whether bone can be considered electri-
cally as a single material with varying density, as is the
case with the mechanical properties, must be examined
further. Although there appear to be similarities between
the electrical and mechanical behaviors of bone tissues,
there also are major differences. In Figs. 16-19, it may
appear that bone tissue could be considered electrically as
a single material of varying densities, although this should
be undertaken with caution, particularly concerning the
resistivity.

In summary, we have demonstrated that knowing the
density of the bone may make it possible to estimate the
electrical properties of the bone tissue. Although this
study does provide data that suggest that estimation of the
electrical properties from the density is possible, there are
concerns, and additional work is needed before any con-
clusions can be reached. These data and results, along
with additional work, can help in better understanding the
electrical behavior of whole bone and the electrical field
and current distributions under various electrical stimula-
tion conditions. Recently, FEM has been initiated along
this direction (16). A more accurate characterization of the
electrical properties of bone will improve our understand-
ing of the electrical behavior of bone and will contribute to
a more accurate modeling of bone tissue. Moreover, bone
density often is reduced with various disease processes
(i.e., osteoporosis). Therefore, if electrical stimulation is
to be used as a treatment modality, we must determine the
relationship between the bone density and its electrical
properties so that appropriate stimulation parameters can
be selected to produce suitable current densities. Addi-
tional work is in progress in our laboratory regarding the
dependence of the electrical and dielectric properties on
the apparent densities and microstructure of the bone.
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