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Abstract. In this paper we have measured the dielectric spectrum of water-saturated bones in native 
and demineralized states up to 1 GHz in the time domain. A novel method of analysis of the time 
domain spectroscopy data has been used. The results show a dielectric dispersion centered around 
400 MHz for native samples and around 200 MHz for demineralized ones. The proposed mechanism 
for this dispersion is the movement of polar side chains, which is in agreement with what happens in 
hydrated collagen fibres. 
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1. Introduction 

Understanding the interaction between nonionizing radiations and bone tissue is 
important not only from the academic point of view but also from its practical 
implications. In this sense, information on the dielectric properties of bone for 
the range of radiofrequencies and microwaves is necessary for current medical 
applications and to build up a theoretical model of the electric behaviour for bones 
PI. 

The up-to-date measurements of the dielectric properties of bones do not cover 
the whole range of frequencies, mainly because of experimental difficulties related 
to the system itself and also to equipment limitations [2]. Even if we could say 
that there is enough information available, it is difficult to relate quantitatively the 
mechanisms involved in the dielectric relaxation of bone tissue with experimental 
dam [3]. A considerable number of measurements has been made on bone under 
different, well controlled physical and biological conditions [3,4, 5, 61. Recently 
[8], we made a radiofrequency study of the dielectric properties of bone and its 
collagen matrix. In this article, we complete the study by measuring the dielectric 
spectrum up to 1 GHz. A novel application of the method of identification from 
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signal processing theory has been used to analyze the experimental data of time 
domain spectroscopy (TDS). 

2. Material and Methods 

2.1. SAMPLE PREPARATION 

Adult bovine tibia bones were used throughout. After carefully removing the 
periosteum bone and marrow, the ends were cut and the bones were washed with 
bidistilled water. Bone samples were cut with a handle saw from the mid-region 
of the ribia along its axis. Samples were then machined to obtain a cylinder of 
6.97 mm diameter with a concentric hole of 2.95 mm diameter. The length of each 
cylinder was about 7 mm. During the work, each sample was frequently washed 
with cold water to avoid thermal denaturation. After cutting and machining, the 
samples were left to soak in bidistilled water at 3°C with continuous shaking for a 
month in order to eliminate exchangeable ions. A small amount of sodic azide was 
added to the washing bath to avoid bacterial growth. 

After the first measurement, the samples were demineralized by soaking them 
in an EDTA solution (0.5 mole/I at pH = 7.5) for 14 days and completely changing 
the bathing solution after 7 days. The flasks were continuously shaken. After 
demineralization, the samples were didyzed with bidistilled water to remove the 
EDTA. The dialyzing was continued until the conductivity of the bath remain 
unchanged. 

2.2. INSTRUMENTS 

The experimental setup was the one known as the ‘thin cell’ time domain spec- 
troscopy (TDS) layout [9]. A Hewlett-Packard TDR/Sampler model 18 15B plug 
in module in a Hewlett-Packard 1801A oscilloscope, and a sampler head HP 1106 
A with a tunnel diode HP 1106 was used. The sample was inserted near the end 
of an Amphenol 7 mm precision coaxial line. For liquid samples - used for cali- 
bration and checking -two Teflon discs were used as sample containers. Data was 
collected with a MING/23 computer equipped with an analog-to-digital converter 
and then transferred to a 286 microcomputer for processing. 

2.3. ANALYSIS OF TDR RESULTS 

2.3.1. Theory 

A detailed description of the method used for the analysis of time domain data will 
be published elsewhere [lo]. However, a short description of the method will be 
given. 

Let us consider that a sample is at the end of a transmission line with a char- 
acteristic impedance 20. The equivalent model is a lossy capacitor which, when a 
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Fig. 1. Scheme of the TDR curves for the setup used. 

pulse V(t) is applied, will be charged according to 

t 

Q(t) = Co .&f(t) + 
I 

(j(t - t’)V(t’) dt’ , 1 0 

(1) 
where c o3 is the static permittivity of the sample and d(t) is the time derivative of 
the dielectric response function. 

On the other hand [I 1, 121 Q(t) can be written as 

Q(t) = $ j { fdt’) - [$$I j-z(t’)} dt’ , I 
0 

where f2 and f3 are the registered curves as differences between the one due 
to the sample and the short-circuit and between the open-circuit and the sample, 
respectively (see Figure 1). The following relations hold: 

Q”p(t) = f2@) + f3W 7 (3) 

J&f(i) = f2P) - f3W > (4) 

V(t) = J&i,@) + Vref@) = vi(t) 7 (5) 

where V(t) is the corresponding pulse in Equation (1). After Equations (1) to (5), 
we obtain 

1 t 
co20 Jr 

0 
f3(t’) - # fi(t’)] dt’ 
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t 
= e,f2(t) + J (C?(t - t)fz(t’) dt’ - 

0 

Defining 

1 F=- 
co20 

and 

KC f3W 

f2W 

and reordering, we can write 

(6) 

(7) 

(8) 

j f3(t’)dt’ = j [K + 9 6(t - t’) + ; +(t - t’)] fi(t’)dt’ , 
0 0 

(9) 

where 6(t) is the Dirac delta. 
Taking the part of the second integral within square brackets as the impulsional 

response of a linear system h(t - t’), we have 

1 f3(t’)dt’ = F j h(t - t’)f&‘)dt . 
0 0 

The Laplace transform of Equation (10) is 

(10) 

Y(s) = y = ff(s)F2(4 (11) 

with 

The value of ~(0) is, a4xording to the theorem of the initial value of the Laplace 
transform, 

$40) = )& SC o-P(t)) = &ym s E(S) - EC!0 =o. (14) s 
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Using these results, we obtain 

E(S) = F [H(s) - $1 . (15) 

From the above results, we see that the problem to obtain c(s) consists in finding 
a way to estimate me transfer function of the system H(s), while K is obtained 
from the appropriate boundary conditions. The approach used is based on the 
identification methods [ 131. 

Hence, from (12)-( 13) we obtain 

E(S) = F [H(s) - ;] . (16) 

Equation (11) shows that H(s) can be seen as the transfer function of a causal, 
linear, time invariant (CLTI) system with impulsional response h(t), input fz(t), 
and output given by (10). Therefore, we used an identification approach [ 131 to 
adjust a CLTT model to the input/output behaviour described by Equations (10) or 
(11). 

The identification procedure of a CLTI model gives us a rational function of the 
Laplace variable s for H(s), i.e. 

n(s) 
Jw = d(s) 7 (17) 

where 

n(s) = nosp + ntsp-l + ,.. + np , 
W-0 

d(s) = sq + d@-’ + . . . + d, 

However, the nature of our problem imposes some additional restrictions to the 
degrees of n(s) and d(s); also providing a means of estimating K different from 
the definition given by Equation (8). 

Indeed, consider again (16) and (17) 

E(S) = F [ 
sn(s) - Kd(s) 1 xl(s) * (19) 

Since 0 < Ed < co by the initial value theorem of the Laplace transform 

if deg {d(s)} = deg {n(s)} , 

if de {d(s)) > deg {n(s)) , 
cw 
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then it must be p = q. 
In addition, the final value theorem of the Laplace transform gives 

Es = !Fo s 
[ 
4s) - cc0 

s I 
= liio F [ 

sn(s) - Kd(s) 

sd(s) -Eco * 1 (21) 

The only way to achieve the physical requirement 0 < cs < {CXI} and (9) is to 
have d, E 0, i.e. 

d(s) = sd(s) = s(sQ-’ + dlF2 + . . . + dqml) , (22) 

thus, with (20), 

E 
s 

lim F sn(s) - Kd(s) 
S-t0 [ 4s) 1 - &co (23) 

and then K must verify 

nzp - Kd,-1 = 0 (24) 

or 

Ii’ = Y.k- . 
dp-1 (25) 

Details of the identification part for obtaining H(s) from the records of f2 and 
$3 can be seen in (7). It should be noticed that the frequency range of the validity of 
our modelization is limited, among other factors, from below by the time length of 
the input/output records and from above by the sampling precision of the sampler 
head. 

2.3.2. Testing 

Before applying the method to the bone samples, we checked its precision measur- 
ing and the dielectric data of n-alcohols. The results are shown in Table I together 
with data from the literature. It can be observed that there is an acceptable agree- 
ment. We must bear in mind that by using this method we are capable of making 
measurements in a range that reaches at least a frequency of 1 GHz using small-size 
samples; this is quite appropriate for solid material. 

Figure 2 shows the results for 2-propanol obtained by this method. In part (a) 
of the figure, we can see the experimental and estimated time-response function, 
while in part (b) we see the corresponding dielectric permittivity, which is obtained 
from the predicted response function. High-frequency ripples and the noise of the 
signals are filtered through the processing. These high-frequency components will 
slow down the numerical data processing without too much effect on the final 
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TABLE I 
Dielectric data of several alcohols at 2S’C. 

Alcohol 

1-propanol 
2-propanol 
1-butanol 
1-hexanol 

Experimental Literature” 
r/ps EO EC+3 T/pS EO EC0 

395 25.50 5.0 335 20.44 3.64 
345 21.66 7.2 363 19.41 3.43 
666 17.76 2.8 507 17.54 3.44 
989 13.70 2.4 941 13.12 3.27 

a Shinomiya, T., Dielectricdispersion and intramolecular association for 18 pure liquids alcohols. The 
position dependence of hydroxyl group in the hydrocarbon chain, Bull. Chem. Sot. Jpn. 62 (1989), 
908-914. 

results within the frequency range of interest. 
Though the values obtained for dielectric pennittivity and relaxation times are 

not so accurate for the stage of development of the method we can say that it is a 
promising way of analyzing the TDS data It is also necessary to remark that this 
method does not just imply a fitting of the experimental data; it means a way of 
generating a linear model of a ‘theoretical’ system, based on the input and output 
data functions, the behaviour of which reproduces the dynamic of the real system 
analyzed. 

3. Results 

Figure 3 shows the experimental data for one of the samples of natural bone at 20°C 
and Figure 4 shows the obtained time response function (a) and complex dielectric 
permittivity (b) after applying the above described procedure. The permittivity is 
plotted up to 10 GHz, although results am not reliable up to such a high frequency, 
due to the effect of experimental noise in the signal that is not completely eliminated 
by digital filtering. There am many sources of high-frequency noise, mainly coming 
from the connexions between different segments of the coaxial line. The maximum 
frequency response of the equipment depends on the pulse rise time provided by a 
tunnel diode and by the characteristics of the sampler. An estimation of the overall 
frequency performance of the actual equipment indicates that data are reliable up 
to about 2 GHz. However, in our discussion we assume that our results are reliable 
up to 1 GHz. 

Unlike the case of alcohols, by cutting the permittivity curve at 1 GHz, we 
have that many relaxation processes are untinished within the frequency range 
considered. In cases where the high frequency permittivity E, cannot be directly 
obtained from the curve, we get it by extrapolation assuming Debye behaviour. 
This situation makes E, the least reliable of the dielectric parameters. Even so, the 
results are highly reproducible and values can be safely taken within 20%. 
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Fig. 2. Results for 2-propanol. (a) Impulsional response: (...) experimental h(n) and (-) predicted 
hprcd(n) -plotted against sample number. (b) Frequency domain results. fc = 460 MHz, 60 = 21.66. 

The corresponding curves for the same sample shown in Figure 3 after dem- 
ineralization are displayed in Figure 5. 

Comparative results of native and demineralized samples are shown in Table II. 
Owing to the expected variability of biological samples, the similarity between the 
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Fig. 3. Observed response for native bone (sample 1). 

values corresponding to the same state (native and demineralized) is good. This 
repetitiveness in the dielectric properties for samples of different animals has been 
already observed by us [S] in previous measurements using a set of 40 samples. The 
exception is sample 4 in its natural state, which strongly resembles the properties 
of demineralized samples (particularly sample 1). This might be due to a natural 
lack of calcium in the animal from which this sample was excised. It is interesting 
to remark that after demineralization, the dielectric properties of this sample are 
the same as the others. 

There is a clear-cut difference between the relaxation frequencies for native and 
demineralized samples. We may assign a characteristic time of about 380 ps for 
natural samples and about 700 ps for the demineralized ones. At the same time, 
the difference between the lower frequency limit of real permittivity and the high 
frequency limit dispersion amplitude (AE) for the frequency range analyzed is 
different for each state (a~~,, M 6; A.&, 3 20). The larger amplitude for the 
demineralized samples is due to the low frequency limit permittivity, since high 
frequency limit of E is of the same order for both states. This is in accordance with 
the results obtained for a previously studied lower frequency interval [2, 81. For 
native samples, we have et M 10 and for demineralized et M 23. Therefore, we 
observe that the demineralized samples have a larger dispersion amplitude (larger 
AE), and lower characteristic frequency (larger characteristic time). 

The temperature dependencies of our measurements do not show any apprecia- 
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Fig. 4. Impulsional response (a) and permittivity (b) for native bone (sample 1). 
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Fig. 5. Observed response (a); impulsional response (b) and permittivity (c) for sample 1 (the same 
as for Figures 3 and 4) after demineralization. 

TABLE I1 
Dielectric properties of bones at 20°C. 

Native bone 
- - 

Sample TIPS Freq./MHz EO E- 

1 383.64 414.85 9.64 2.4 
2 370.74 429.28 9.79 2.5 
3 398.20 399.68 9.45 2.3 
4 672.68 236.59 17.15 2.9 

Demineralized bone 

Sample T ~ S  Freq./MHz EO 
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ble differences, as can be observed from Table II. It might be necessary to consider 
a bigger temperature difference to find any noticeable effect. 

The shrinkage of samples after demineralization reported previously in the 
literature [ 141 was also observed here. In our case, this shrinkage was larger in the 
longitudinal direction, which corresponds to the direction of the fibres. 

4. Discussion 

To interpret the dielectric behaviour of bones in the frequency range studied here, 
we should recall the results corresponding to lower frequencies. Such results show 
[ 81 that there is a dispersion in the kHz range (about 30 kHz for native samples and 
100 kHz for demineralized ones) that can be attributed to interfacial effects. In the 
present results, we can see that there is a relaxation process with a characteristic 
frequency of about 400 MHz for native samples and 200 MHz for demineralized 
ones. The shifting to higher values of permittivity observed in both states for the 
dispersion curve in the low frequency range (see figure 1 in reference [8]), is in 
accordance with the higher values of the low limit permittivity ~0 in the present 
study for demineralized samples. This agrees with the fact that demineralized 
samples have a larger dispersion amplitude DE. Why does the elimination of 
calcium result in the rising of permittivity and a decreasing of the characteristic 
frequency? Results of Grigera et al. [15] for collagen indicate that, in the MHz 
range, the main cause of dielectric relaxation for partially hydrated collagen is 
the movement of lateral side chains. If this interpretation is correct, the collagen 
matrix, which constitutes the demineralized bones, will also have a dispersion in 
the same frequency range due to lateral side chains. 

The elimination of calcium would increase the freedom of side chains in dem- 
ineralized bones compared with native samples. Under these circumstances, the 
mobile side chains will contribute more to the total dielectric permittivity. More- 
over, now that the mobile portion of the side chains has a larger moment of inertia, 
its characteristic frequency will be lower. This is, in fact, the observed result. 

It is known from nuclear magnetic resonance studies of collagen fibres [16] 
that collagen, even in relative high degrees of dehydration, shows a high mobility 
of protons (besides the exchange process). This was considered to be due to the 
movement of the side chains. These data agree with the interpretation that polar side 
chains contribute to the polarization of collagen, and bones, and relax at relatively 
high frequencies. 

The results presented here correspond to bone in nonphysiological conditions 
and also in vitro. These two factors are topics of discussion in regard to the validity 
of results in such conditions for a generalization to clinical applications. It is not 
our aim to present a discussion here but we will point out that a comprehensive 
one has appeared elsewhere. The present measurements were made on purpose in 
a nonconducting media to avoid the interference of the conductivity of the bathing 
solution. Otherwise, our results for the low frequency range [g] are in complete 
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accordance with those of samples in a physiological solution [2]. 

5. Conclusions 

Our results show that water-saturated bones have a dielectric dispersion in the 
MHz range centered on about 400 MHz and for the same samples after extracting 
its mineral around 200 MHz. The proposed mechanism for this dispersion is the 
movement of polar side chains, in agreement with what happens with hydrated 
collagen fibres. 

The information on the range in which the relaxation process takes place is 
interesting for medical applications and independently of the interpretation of the 
molecular mechanism involved. We can see that for bones fully hydrated, like 
those studied here, the whole relaxation process is produced between 0.2 and 2 
GHz. This range is lower than the one for bulk water, and even for the so-called 
‘bound water’ [ 171. On account of this, it might be possible to induce absorption 
of energy on the bone itself by stimulation with electric fields of MHz frequencies, 
instead of heating the water related to the bone tissue. Demineralization of bones 
is an important and usual clinical problem; for these bones, the frequency might be 
lower than for normal ones. Despite the wide use of radiofrequency and microwaves 
in the treatment of bones disease, as far as we know, this is the first study that deals 
with the frequency dependence of dielectric properties on bone tissue, for the range 
between 100 MHz and 1 GHz. 
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