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(57) ABSTRACT 

Non-invasive quantitative in-vivo electromagnetic evalua- 
tion of bone is performed by subjecting bone to an electrical 
excitation waveform supplied to a single magnetic field coil 
near the skin of a bony member, and involving a repetitive 
finite duration signal consisting of plural frequencies that are 
in the range 0 Hz-200 MHz. Signal-processing of a bone- 
current response signal and a bone-voltage response signal 
is operative to sequentially average the most recently 
received given number of successive bone-current and bone- 
voltage response signals to obtain an averaged per-pulse 
bone-current signal and an averaged per-pulse bone-voltage 
signal, and to produce their associated Fourier transforms. 
These Fourier transforms are further processed to obtain the 
inductively determined frequency-dependent bone- 
admittance function. A neural network, configured to gen- 
erate an estimate of one or more of the desired bone-related 
quantities, is connected for response to the bone-admittance 
function, whereby to generate the indicated estimates of 
bone status, namely, bone-density, bone-architecture, bone- 
strength and bone-fracture risk. In another embodiment, a 
stochastic electromagnetic field generated by a single mag- 
netic field coil is used to therapeutically treat living tissue in 
vivo. 

6 Claims, 7 Drawing Sheets 
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ELECTROMAGNETIC BONE-ASSESSMENT content of the involved bone. A pair of opposed ultrasonic 
AND TREATMENT: APPARATUS AND transducers is applied to opposite sides of a patient's finger, 

METHOD such that recurrent pulses transmitted via one transducer are 
"focused" on the bone, while the receiving response of the 

RELATED CASE 5 other transducer is similarly "focused" to receive pulses that 
have been transmitted through the bone. The circuitry is 

This application is a continuation-in-part of application arranged such that filtered reception of one pulse triggers the 
Ser. No. 081886,323, filed Jul. 1, 1997, now U.S. Pat. No. next pulse transmission; the filtering is by way of a bandpass 
5,782,763, which is a divisional of Ser. No. 081459,184, filed filter, passing components of received signals, only in the 25 
Jun. 1, 1995, now abandoned. to 125 kHz range; and the observed frequency of retrigger- 

10 . 
mg is said to be proportional to the calcium content of the 

BACKGROUND OF THE INVENTION bone. 

The invention pertains to apparatus and method for non- Pratt, Jr. is identified with a number of U.S. patents, 

invasively and quantitatively evaluating bone tissue in vivo, including U.S. Pat. No. 4,361,154, 4,421,119 (divisionally 
related to the '154 patent, and subsequently reissued, as Re. wherein the evaluation is manifested, at a given time, 1s 

through one or more of the quantities: bone-mineral density, 32,782), U.S. Pat. Nos. 4,913,157, and 4,941,474, all dealing 

architecture, strength, and fracture-risk. with establishing, in vivo, the strength of bone in a live being 
such as a horse. In the first three of his patents, the inventor 

In recent years, various attempts have been made to bases his disclosures on the measurement of transit time 
diverse forms of energy to assess the condition of bone from to u~~~~~~~~~~ of pulses of 0.5 MHz and 1.0 
tissue in vivo, but most often these attempts have been 20 MHz through the bone and soft tissue, and from measure- 
essentially ad hoc with no consistent framework within ment of pulse-echo time, to thereby derive a measurement of 
which to analyze data. In addition, the majority of the transit time through bone alone, A data bank enables his 
techniques employ signal-~rocessing techniques that are so evaluation of the meaning of variations in measurements of 
simple as to ignore available and useful aspects of the data; transit time, which the inventor deduces to be propagation 
moreover, the signal-to-noise ratio of experimental data has 2s velocity through each measured bone, The inventor's U,S, 
been relatively poor. im~Or tan t l~ ,  is that the pat. NO. 4,913,157 operates on the same general principle of 
prior techniques for bone characterization have utilized transit-timelvelocity deduction, using the later preferred 
energy types for which the measurements frequency of 2.25 MHz as the base frequency of pulsed 
sufficient information to assess bone condition; (2) are 30 "launchingsn, and he purports to derive the bone-transfer 
affected significantly (such as function from analysis of an average of received pulses, In 
soft-tissue and musculature overlying the bone); (3) are his U.S. Pat. No. 4,941,474, the inventor further refines his 
subject to various measurement artifacts (such as transducer technique of transit-timelvelocity deduction, inter alia, by 
positioning, and pressure used when positioning the separately determining the ratio of the velocity of his 
transducer); andlor (4) are relatively expensive to obtain. 3s Observed "bone signal" to the velocity of his observed 

Many prior techniques relied on ultrasonic measurements. "soft-tissue signal'', using the technique of matched 
Although significant information is obtainable from such filtering/Fourier transform filtering set forth in his U.S. Pat. 
data, ultrasound has not yet proved to be a useful tool for in N,, 4,913,157, 
viva bone assessment. Ultrasonic techniques are highly Palmer, et al., U.S. Pat. No. 4,774,959 discloses apparatus 
sensitive to positioning of the transducers. Low-frequency 40 for deriving the slope of the relation between ultrasonic 
vibrational measurements have been proposed for frequency and attenuation, for the case of a sequence of tone 
assessing bone, but these have also not led to any practical signals, in the range 200 to 600 k ~ ~ ,  applied to one 
clinical devices. In particular, vibrational measurements are transducer and received by another transducer, (a) after 
strongly affected tissue the as passage through a heel bone, in comparison with (b) passage 
as positioning and coupling the transducers to the skin. 45 between the same two transducers without the intervening 

Apparatuses which utilize ionizing electromagnetic radia- presence of the heel. The assumption necessarily is that the 
tion have also been developed and are currently used clini- frequencylattenuation relation is a straight line, i.e. of con- 
cally to assess bone in vivo to provide estimates of bone stant slope. 
mineral density. However these devices are relatively Brandenburger, U.S. Pat. No. 4,926,870 discloses another 
expensive, measure bone mass only (and not bone 50 in vivo bone-analysis system which depends upon measur- 
architecture, strength, andlor fracture risk), and expose the ing transit time for an ultrasonic signal along a desired path 
patient to ionizing radiation. A review of these radiation through a bone, A ''Canonical" wave form, determined by 
based methods may be found in the article by Ott et al., in previous experience to be on the correct path, is used for 
the Journal of Bone and Mineral Research, Val. 2, PP. comparison against received signals for transmission 
201-210, 1987. 5s through the patient's bone, while the patient's bone is 

Electrical (non-ionizing) impedance measurements have reoriented until the received signal indicates that the 
been applied for a variety of basic research purposes, but as patient's bone is aligned with the desired path. Again, 
of yet have apparently not been suggested as a means for ultrasonic velocity through the patient's bone is assumed to 
clinical (in vivo) bone assessment in bone loss diseases, such have been determined from measured transit time. 
as osteoporosis. Thus, we are disclosing for the first time 60 Rossman, et al., U.S. Pat. NO. 5,054,490 discloses an 
method and apparatus for the use of non-ionizing electro- ultrasound densitometer for measuring physical properties 
magnetic measurements to assess bone in vivo, as a means and integrity of a bone, upon determination of transit time, 
for non-invasively determining the degree of osteoporosis in in vivo, through a given bone, in comparison with transit 
an individual, as represented by one or more of the following time through a medium of known acoustic properties; 
quantities: density, architecture, strength, and fracture risk. 6s alternatively, the Rossman, et al. device compares absolute 

U.S. Pat. No. 3,847,141 to Hoop discloses a device to attenuation of specific frequency components of ultrasound 
measure bone density as a means of monitoring calcium acoustic signals through the bone with the absolute attenu- 
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ation of the same frequency components through a medium and Williams, they reported on the resistance and capaci- 
of known acoust ic  propert ies .  For a t tenuat ion tance of invitro bone samples in the frequency range 120 Hz 
measurements, a "broad-band ultrasonic pulse" is recom- to 10 MHz. They also studied the directional dependence of 
mended and is illustrated as a single spike "which resonates the measured impedance, and found that bone was electri- 
with a broadband ultrasonic emission". The necessary com- s cally anisotropic. They also presented in vitro data on 30 
parisons are performed by a microprocessor, resulting in a cancellous bone samples which demonstrated a relatively 
slope of attenuation versus frequency in the broadband of small linear correlation (r=0.63) between specific capaci- 
interest. The frequencies or frequency ranges are not dis- tance and wet density. 
closed. The prior art, exemplified by the references that have been 

Kaufman et al., U.S. Pat. No. 5,259,384 disclose method 10 briefly discussed, have had little success in providing a 
and apparatus for ultrasonically assessing bone tissue. A simple, relatively inexpensive device or method for clinical 
composite sine wave acoustic signal consisting of plural non-invasive assessment of bone. They have focussed pri- 
discrete frequencies within the ultrasonic frequency range to marily on mechanical (low-frequency vibrational or 
2 MHz are used to obtain high signal-to-noise ratio of the ultrasonic) means, which thus far has not led to a useful 
experimental data. A polynomial regression of the 15 clinical tool, or on much more expensive X-ray 
frequency-dependent attenuation and group velocity is car- densitometers, which measure bone mass alone, with their 
ried out, and a non-linear estimation scheme is applied in an associated ionizing radiation. On the contrary, electromag- 
attempt to estimate the density, strength, and fracture risk of netic measurements, although the subject of several aca- 
bone in vivo. demic in vitro investigations, have apparently been com- 

~ ~ ~ ~ l ~ ~ d ,  U,S, pat, N ~ ,  4,754,763 discloses a noninva- 20 pletely overlooked as a potential clinical tool for non- 
sive system for testing the integrity of a bone in viva, H~ invasively assessing bone in vivo in bone loss diseases such 
uses low-frequency mechanical vibrations to characterize as osteoporosis. In fact, the electrical parameters of bone 
the state of healing in a fractured bone, ~h~ frequency have been investigated solely for their use in evaluating the 
response is used to classify the stage of healing. currents and voltages induced by specific exogenous thera- 

Gain et al,, U,S, Pat, No, 5,368,044 applied a similar 25 peutic or environmental electromagnetic fields. In the rela- 
method, namely, low-frequency mechanical vibrations, to tively few (in vitro) studies which considered the biophysi- 
assess the state or stiffness of bone in viva, The method cal properties of bone in to 

evaluates the peak frequency response or a cross-correlation measurements2 framework was a broad 
of the frequency vs. amplitude response. frequency range was not used, and no attempt to develop a 

30 non-invasive clinical in vivo electromagnetic apparatus and/ 
Brighton et al.9 U.S. Pat. No. 4,467,808 discloses method or method for assessing osteoporosis, with respect to bone- 

for preventing and treating osteoporosis in a living body by mineral density, architecture, strength and fracture risk, has 
non-invasivel~. previously been disclosed, There has also been a lack of 

about 5-15 volts peak-to-peak at a single frequency within effective methods for non-invasive assessment of materials 
the range of about 20-100 kHz to cawje a ''treatment 35 and in general, not related only to bone, 
current" to flow in the bony part afflicted by osteoporosis. 

Moreover, not only has the prior art been rather unsuc- 
Numerous other patents disclose methods for stimulating cessful with respect to effective methods for diagnosis, but 

bone growth which rely on the application of electromag- there has also been rather limited success in electromagnetic 
netic the R ~ a b ~  et al. U.S. Pat. therapy of living tissues in general, and bone tissue in 
Nos. 4,105,017 and 4,315,503 describe methods for promot- 40 particular,  hi^ is notwithstanding the numerous attempts 
ing bone healing in delayed and nonunion bone fractures, which have been made on this subject, 
using an asymmetric pulsed waveform. In U.S. Pat. No. 
4,993,413, McLeod et al. disclose method and apparatus for BRIEF STATEMENT OF THE INVENTION 
inducing a current and voltage in living tissue to prevent It is accordingly an object of the invention to provide an 
osteoporosis and to enhance new bone formation. They 45 . improved method and apparatus for non-invasive and quan- 
disclose the use of a symmetrical low frequency and low titative evaluation of bone tissue in vivo. 
intensity electromagnetic signal substantially in the range of 
1-1000 Hertz. In Liboff et al., U.S. Pat. No. 5,318,561 (and Another object is to meet the above such that 

others), are disclosed which incorporate the bone-mineral density, architecture, strength, and fracture 
bined use of a static and time-varying magnetic field to so risk may be readily and more reliably evaluated than here- 

stimulate bone healing and growth. Specific amplitudes and tofore. 

frequencies are disclosed for optimal enhancement of bone A specific object is to achieve the above objects with a 
growth, based on the theory of uion-cyc~otron resonance," broadband electromagnetic approach wherein the signal 

In several papers, including a review article, Saha et al, exceeds noise throughout the broadband, to 
report on the electrical properties of bone, In "Electrical 55 enable evaluation of received signal above noise, throughout 

Properties of Bone," in Clinical Orthopaedics and Related the broadband 'pectral region, from O Hz to 200 MHz. 

Research, No. 186, June 1984, pp. 249-271, by Singh and A Yet further object of the invention is to provide an 

&ha, they state that the electrical conductivity and permit- improved method and apparatus for non-invasive and 'Pan- 

tivity of bone are frequency-dependent, reviewing data of titative an 
various researchers in the 0-1 M H ~  frequency range, two 60 An additional object of the present invention is to provide 
more recent papers, namely, "Electric and Dielectric Prop- an improved electromagnetic treatment method for living 
erties of Wet Human Cortical bone as a Function of tissue in viva. 
Frequency," ZEEE Tramactiom on Biomedical Engineering, It is a general object to achieve the foregoing objects with 
Vol. 39, No. 12, December 1992, pp. 1298-1304, and apparatus components that are for the most part commer- 
"Electric and Dielectric Properties of Wet Human Cancel- 6s cially available. 
lous Bone as a Function of Frequency," Annals of Biomedi- Briefly stated, the invention in its presently preferred form 
cal Engineering, Vol. 17, pp. 143-158, 1989, both by Saha achieves the foregoing objects by iteratively subjecting bone 
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to a finite time duration electrical voltage excitation signal, FIG. 5 is an electrical-circuit diagram schematically 
applied through a current measuring resistor to two elec- showing the interconnected relation of components of appa- 
trodes on opposite sides of the bone, and involving a pulsed ratus of the invention, but for another embodiment. 

that has components in the FIG, 6 is a flow chart of computer-controlled operations 
spectral region from 0 Hz to 200 MHz; the voltage excitation 5 associated with FIG, 5 ,  in automatically analyzing and 

is in the range to 10000 Hz. quantitatively reporting estimates of relevant bone proper- 
Signal-processing of the measured voltage response signal 
across the two electrodes together with the electrical current ties' 

response signal through the two electrodes is operative (a) to FIG. 7 is an additional flow chart of com~uter-controlled 
sequentially average the most recently received given num- operations associated with FIG. 3 and FIG. 5, in automati- 
ber of successive bone-voltage and bone-current response cally analyzing and quantitatively reporting estimates of 
signals to obtain associated averaged per-pulse bone-voltage relevant bone properties. 
and bone-current response signals and (b) to produce Fourier FIG. 8 is a schematic diagram of the electrodes in contact 
transforms of the averaged ~ e r - ~ u l s e  bone-voltage response with the bony member, showing additional details of the 
and bone-current response signals. The Fourier transform of invention portrayed in FIG, 1 and FIG, 3, 
the averaged per-pulse bone-current response signal is then 
divided by the Fourier transform of the averaged per-pulse FIG. 9 is a schematic diagram of the magnetic field coils 

bone-voltage response signal to obtain a capacitively- overlying the bony member, showing additional details of 

determined bone-admittance function (or equivalently, a the invention portrayed in 5 .  

capacitively-determined bone-impedance function or a FIG. 10 is an additional flow chart of computer-controlled 
capacitively-determined bone-reflection-coefficient 20 operations associated with another embodiment which uses 
function). In a separate operation not involving the bone the both ultrasonic and electromagnetic measurement data to 
same electrodes, with an identical electrode spacing as used automatically analyze and quantitatively report estimates of 
to measure the bony member, and same voltage excitation relevant bone properties, 
signal are used to measure a medium of known electromag- FIG, 11 is an electrical-circuit diagram schematically 
netic properties. This is carried out to establish a reference- 

25 showing the interconnected relation of components of appa- 
voltage response signal and a reference-current response 
signal, and these reference signals are respectively signal- ratus of the invention, but for another embodiment which 

processed to produce their associated Fourier transforms. a sing1e magnetic 

The Fourier transform of the reference-current response FIG. 12 is an electrical-circuit diagram schematically 
signal is then divided by the Fourier transform of the showing the interconnected relation of components of appa- 
reference-voltage response signal to obtain the capacitively- 30 ratus of the invention, but for another embodiment which 
determined reference-admittance function (or equivalently, utilizes a single magnetic field coil, for the quantitative 
a capacitively-determined reference-impedance function or evaluation of the status of an object. 
a capacitively-determined reference reflection-coefficient FIG, 13 is an electrical-circuit diagram schematically 
function). The two admittance functions are processed to showing the interconnected relation of components of appa- 
derive the capacitively-determined frequency-dependent 35 ratus of the invention, but for another embodiment which 
dielectric bone-permittivity real function, etE,,(f), and the utilizes a single magnetic field coil to generate a stochastic 
capacitively-determined frequency-dependent electrical or pseudo-random electromagnetic field to therapeutically bone-conductivity real function, atE,,(f), associated with the 
bony member; specifically, the bone-permittivity function, treat tissue in a living body. 
etE,$(f), is related to the energy storage of the electromag- 40 

netic field within the bony member, and the bone- 
DETAILED DESCRIPTION OF THE 

conductivity function, atE,,(f), is related to the energy loss 
INVENTION 

within the bone tissue. Finally, a neural network, configured The invention will be described in detail for a presently 
to generate an estimate of one or more of the desired preferred embodiment, in conjunction with the accompany- 
bone-related quantities, is connected for response to the 45 ing drawings. 
bone-conductivity function, atE,,(f), and to the bone- The invention is shown in FIG. 1 in application to 
permittivity function, etE,,(f), whereby to generate the indi- interconnected components for constructing apparatus for 
cated estimates of the status of bone that is being analyzed. performing methods of the invention, namely, for non- 

BRIEF DESCRIPTION OF THE DRAWINGS invasively and quantitatively evaluating the status of bone 
so tissue in vivo, as manifested through one or more of the 

The invention will be described in detail for a presently quantities: bone-mineral density, architecture, strength, and 
preferred embodiment, in conjunction with the accompany- fracture risk at a given time, ~h~~~ components are, in 
ing drawings, in which: general, commercially available from different sources and 

FIG. 1 is an electrical-circuit diagram schematically will be identified before providing detailed description of 
showing the interconnected relation of components of appa- 55 their total operation, 
ratus of the invention. In FIG. 1, the bone locale 10 to be analyzed in vivo is 

FIG. 2 is a flow chart of com~uter-controlled operations shown surrounded by soft tissue 11 and to be interposed 
associated with FIG. 1, in automatically analyzing and between two aligned and opposed capacitive-type electrodes 
quantitatively reporting estimates of relevant bone proper- 12, 13, which may be identically the same, and each 
ties. 60 consisting of a 1 cm radius circular Copper plate; suitably, 

FIG. 3 is an electrical-circuit diagram schematically each of electrodes 12, 13 may be simply constructed from a 
showing the interconnected relation of components of appa- sheet of Copper available from any general hardware store. 
ratus of the invention, but for another embodiment. As shown, electrodes 12, 13 are used to generate electro- 

FIG. 4 is a flow chart of computer-controlled operations magnetic fields within the bone 10 and its surrounding soft 
associated with FIG. 3, in automatically analyzing and 65 tissue 11. A conducting paste (not shown) is used to ensure 
quantitatively reporting estimates of relevant bone proper- good electrical contact between the electrodes and the skin. 
ties. An electronic caliper, also not shown, most suitably a 
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Mitutoyo Model No. 610-0038, available from Eastern Tool In the presently preferred embodiment, involving the 
and Supply Co., (New York, N.Y.), may be used to measure described components of FIG. 1 ,  the same components are 
the separation distance between the electrodes. utilized not only for performing the continuously updated 

Basic operation is governed by computer means 14, averaging of the latest succession of response signals mea- 
which may be a PC computer, such as the "P5-90 n available 5 sured across 12, 13, and across 8, but also for establishing 

from Gateway 2000, Inc., North Sioux City, S. Dak.; as its and entering into computer storage reference-voltage and 
reference-current response signals that are obtained by 

designation suggests, this 'Omputer contains a 90 MHz removing the body part 10, 11 from the space between 
clOck-~ulse generator, and an Intel Pentiurn processor, with capacitive electrodes 12, 13, These reference signals will be 
provision for keyboard instruction at 14'. further signal-processed in the computer to obtain their 

An arbitrary function-generator 15 is shown and is relied associated Fourier transforms. The Fourier transform of the 
upon to generate a voltage excitation signal, v(t), which is reference-current response signal is then divided by the 
periodically supplied through a current measuring resistor 8 Fourier transform of the reference-voltage response signal, 
to the two electrodes 12, 13. to obtain the capacitively-determined reference-admittance 

The voltage excitation signal generated by function- Y~,Xf) .  
generator 15 is a finite-duration signal, comprised of plural Computer operation on the updated average of the bone- 

frequencies that are contained in the spectral region from 0 voltage and bone-current response signals will be referred to 

Hz to approximately 200 MHz, and this excitation signal is the averaged per-pulse bone-voltage response and 
repeated in the range 1 to 20,000 Hz, Generator averaged per-pulse bone-current response and these 
1 5  may suitably be an arbitrary function-generator averaged ~ e r - ~ u l s e  bone-response signals are also signal- 

20 processed in the computer into their respective Fourier 
(waveform-synthesizer) product of Tektronix, Inc., transforms. The Fourier transform of the averaged per-pulse 
Beaverton, identified Tektronix No. AWG bone-current response signal is then divided by the Fourier 
2040. This waveform provides generation transform of the averaged per-pulse bone-voltage response 
analog signals independent of the host computer 14, allow- signal, to obtain the capacitively-determined bone- 
ing full processor power to be used for other tasks, including 25 admittance function, y E , , ( ~ ,  
calculation of waveform data; it has the capacity to generate ~ h ,  computer will be understood to be further pro- 
an output signal comprising literally millions of points (with grammed to process the capacitively-determined bone- 
Option #01) in the indicated electromagnetic frequency admittance and reference-admittance functions, thereby pro- 
region. ducing the capacitively-determined frequency-dependent 

A digital storage oscilloscope 17  is also shown in FIG. 1 30 dielectric bone-permittivity real function, etE,,(f), and the 
and is used for converting two signals into digital format for capacitively-determined frequency-dependent electrical 
further processing in computer 14, namely the voltage- bone-conductivit~ real function, a '~ ,b(f) ,  associated with the 
response signal measured across electrodes 12, 13, and the bony member. Finally, these two functions, for each of the 
current-response signal measured across the current mea- large plurality of involved frequencies in the input excitation 
suring resistor 8. Oscilloscope 17 may suitably be a 1 GHz 35 signal, are supplied within the computer to the neural 
sampling rate two-channel waveform digitizer, ~ ~ d ~ l  N ~ ,  network, it being understood that the neural network will 
DSA 6 0 1 ~ ,  a product available from ~ ~ k t ~ ~ ~ i ~ ,  of first have been configured and trained to generate an esti- 
~ ~ ~ ~ ~ ~ t ~ ~ ,  oreg, ~h~ oscil~oscope 17  is supplied with two mate of one or more of the above-indicated and currently 
identical differential plug-in amplifiers (Part #llA33) and is analyzed bone properties, namely, bone-mineral density, 
used to acquire the voltage-response and current-response 40 architecture, strength, and fracture risk. 
signals, as shown in FIG. 1. A connection 18 is shown by In the presently preferred embodiment of the invention 
dashed lines, connecting the function-generator 15 to the and with additional reference to the flow diagram of FIG. 2, 
oscilloscope 17, for synchronizing purposes and for the data is collected and processed as follows. A bony member 
purposes of digitizing the excitation signals, to enable com- (10, 11) is placed between two capacitive-type electrodes 
puter 14 to perform a suitably compensated, continuously 45 (12, 13). An electrical voltage excitation or input signal is 
operative updating average of the response signals measured applied through a current measuring resistor (8) to the two 
across electrodes 12 and 13  and simultaneously across the electrodes (12,13) and generates an electromagnetic field in 
current measuring resistor 8. Computer control of both the the bony member (10, 11). The electrical input signal is 
digitizing oscilloscope 17  and of the function-generator 15 generated using a finite-duration signal. The applied 
is enabled via the General Purpose Interface Bus (GPIB) 16, waveform, v(t), is described by 
and a GPIB card 16' in the computer 14. The GPIB 16 and 
GPIB card 16' may suitably be obtained from National N (1) 
Instruments, Inc., Austin, Tex. v(r) = p(t - iTp),  0 5 t  5 T 

1=0 
Finally, general signal-processing/display/storage 

software, for the signal-processing control and operation of ss 
the computer is not shown but will be understood to be a where p(t) is a single repetition of the applied excitation 
floppy disk loaded at 19 into the computer; this software is signal, Tp is the time interval over which p(t) is defined and 
suitably the MATLAB for Windows, available from The is the inverse of the pulse repetition rate, N+l  is the total 
Math Works, Inc., Natick, Mass. This software includes the number of repetitions of the waveform p(t), and T is the total 
Neural Network and Signal Processing Toolboxes. Further 60 time of application of the excitation signal. In this preferred 
software, also not shown but loaded into the computer, is embodiment, p(t) is a square pulse of width -c=10 ns, Tp=10 
least-squares regression modeling software, identified as ms, N=1023, and T=10.24 s. This particular choice of 
Tablecurve, a product of Jandel Scientific, Inc., San Rafael, application signal provides for finite energy throughout the 
Calif., and a Fortran language compiler, available from specified spectral domain so that the measurements have 
Microsoft Corporation, Beaverton, Oreg., and GPIB com- 65 sufficient signal-to-noise ratio throughout the desired fre- 
munications software available from National Instruments, quency range. Other choices of waveform are possible as 
Austin, Tex. well, such as sinusoidal inputs. 



Each repetition, p(t), of the above excitation signal is reference (air) measurements. The real conductivity and real 
applied periodically at a rate of 100 Hz. In the presently permittivity of the bony member can then be found as 
vreferred embodiment. the ith revetition associated with the follows: 
input excitation signal is associated with two response 
waveforms, namely, the bone-voltage response signal, vb,(t), s Y ~ b ( f )  

and the bone-current response signal, ibi(t). These response d , b ( f )  = 
YE ~ ( f  

signals are averaged a total of N+1=1024 times to obtain the 
averaged per-pulse bone-voltage response signal, vb(t), and 
the averaged per-pulse bone-current response signal, ib(t). and 

Subsequently, the Discrete Fourier Transforms (DFT), Vb(f) 10 

and Ib(f), of vb(t) and ib(t), respectively, are obtained using EL,,(/ 1 = e0 
Y ~ b ( f )  1 

the Fast Fourier Transform (FFT) algorithm. The Fourier YE ~ ( f  

transforms are all evaluated at a discrete set of frequencies, 
fi, i=l ,  . . . , K, and in this embodiment K=18, f1=200 Hz, where Re and Im denote the real and imaginary parts, 
f2=500 Hz, f3=1200 HZ, f4=2000 HZ, f5=5000 HZ, f6=10,000 15 respectively. 
Hz, f7=15,000 Hz, f8=25,000 Hz, f,=40,000 Hz, flO=80,000 The capacitively-determined frequency-dependent elec- 
Hz, f11=125 kHz, f12=200 kHz, f13=350 kHz, f14=650 kHz, trical bone-conductivity real function, atE,,(f,), i=l ,  . . . , K, 
f15=l MHz, and f16=2 MHz, f1=5 MHz and fl=10 MHz. Not and the frequency-dependent dielectric bone-permittivity 
shown explicitly but to be understood is that the signal real function, etE,,(f,), i=l ,  . . . , K, serve as inputs into an 
measured across the current measuring resistor 8 (Channel 2 20 appropriately configured neural network to generate an 
of the digital oscilloscope 17  in FIG. 1) is divided by the estimate of one or more of the above-indicated and currently 
value of the resistor [in ohms (Q)], which in this presently analyzed bone properties, namely, bone-mineral density, 
preferred embodiment is equal to 100Q. architecture, strength, and fracture risk. In the presently 

Two averaged per-pulse reference signals, the averaged preferred embodiment, the neural network is a feedforward 
per-pulse reference current response, i,(t), and the averaged 25 network with 36 inputs (corresponding to 18 inputs each of 
per-pulse reference voltage response, vXt), are also obtained the capacitively-determined electrical conductivity and 
by averaging each of 1024 reference-current and reference- dielectric permittivity functions at the chosen set of 
voltage response signals produced with air only between the frequencies), 1 (bone density) output, and one hidden layer 
two electrodes, i.e., by removing the bony member and which consists of 50 processing elements. The network is 
carrying out the entire measurement procedure with air 30 trained with the backpropagation algorithm to estimate bone 
separating the two transducers. The same input excitation mineral density. The neural network nonlinearly combines in 
signal is used for generation of these reference signals, with an optimal least-squares fashion the information contained 
the same electrode spacing as that used for the bony mem- in the electrical conductivity and dielectric permittivity 
ber. The DFT's, vXf) and I,(f), of the averaged per-pulse functions in estimating the desired bone property, in this 
reference voltage response and the averaged per-pulse ref- 35 case bone density. Importantly, this neural network approach 
erence current response signal are then obtained using the does not require any a priori information on the functional 
FFT. form relating the bone-conductivity and bone-permittivity 

The data is further processed to obtain the capacitively- functions to density (or architecture, strength or fracture- 
determined reference-admittance function, YE,Xf), and the risk). It extracts this information from the data itself. 
capacitively-determined bone-admittance function, YE,,(f). 40 In a variation of the described procedure, both the 
Specifically, frequency-dependent electrical bone-conductivity, atE,,(f,), 

i=l ,  . . . , K, and the frequency-dependent dielectric bone- 
A I A f )  (2) permittivity, etE,,(f,), i=l ,  . . . , K, are modeled with 

yE,y(f = 
V A f  polynomials whose coefficients are obtained using linear- 

45 least-squares regression analysis. These coefficients, i.e., 
0&,b0, alE,bl, . . . 2 U ' E , ~ ~  and e'E,bO, e'E,bl, . . . 2 e&,bR, serve 

and as inputs to another appropriately configured neural net- 
work. In this alternative preferred embodiment, Q=R=2 (i.e., 

A I b ( f )  
Y E , b ( f )  = 

(3) quadratic curve-fitting), and the neural network is a feed- 
V b ( f )  50 forward network with 6 inputs (corresponding to three 

invuts each for the conductivitv and vermittivitv, 
respectively), 1 (bone density) output, and <hidden lay;; 

Then Y~,b(f)  and Y~, r ( f )  are processed further to obtain the consisting of 16 processing elements. The neural network 
ca~acitively-determined frequenc~-de~endent  can also be configured to estimate bone architecture, bone bone-~ermi t t iv i ty  real function, etE,,(f), and .the 55 strength andlor fracture risk, in addition to bone density. In 
ca~acitively-determined f r e q u e n c ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~  these cases, different sets of training data are required to 
bone-conductivity real function, atE,,(f), 
bony member. In particular, 

associated with the train the neural network. 
In certain applications to bone diagnosis, it may be 

Y E , , = j w t F  (4) possible to achieve sufficient accuracy and precision with 
60 univariate or multivariate regression functions in place of a 

where e,=8.85 10-l2 Flm and o=2xf are the dielectric neural network. In one such alternative embodiment, a 
permittivity of free space and radian frequency, respectively, second-order multivariate regression is used which employs 
and the frequency-dependent bone-conductivity and dielectric 

bone-permittivity functions of the bony member as the 
YE, b ( n = ~ ' E ,  bF+jwt&, bF 

65 independent variables and the bone density as the dependent 
In Eqs.(5) and (6), F is a geometric form factor which variable. Another alternative embodiment employs the 
remains approximately constant for both the bone tissue and regression coefficients of the conductivity and permittivity 
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as the independent variables, and the desired bone property ern Tool and Supply Co., (New York, N.Y.), may be used to 
as the output or dependent variable of the multivariate measure the separation distance between the magnetic field 
regression. For example, an analytic representation of this coils 24 ,25 .  An additional reference measurement made on 
embodiment is given by a medium of known length and electromagnetic properties, 

s most suitably air, is also acquired. The reference measure- 
~ = ~ 0 ~ ' ~ , b 0 + ~ l ~ ' ~ , b l + ~ 2 ~ ' ~ , b 2 + ~ 0 ~ ' ~ , b 0 + ~ 1 ~ ' ~ , b 1 + ~ 2 ~ ' ~ , b 2  (8 )  ment should be made at a specified magnetic coil separation 

where is the desired bone density value, and and bi, distance, most suitably at the same separation distance as 

i=0,1,2, are regression coefficients obtained through stan- that used in the measurement of the bony member. In this 

dard least-squares analysis, ~h~~~ various alternative alternative embodiment, an electrical network analyzer 28 
embodiments are depicted in the flow diagram of FIG, 2 ,  10 may be used to carry out the full two-port identification of 

an alternative embodiment of the invention and with the magnetic field coils-bony member system. The network 
additional reference to FIG. 3 ,  an electrical impedance analyzer 28 may suitably be a Hewlett-Packard (Santa Clara, 
analyzer is used to obtain the admittance data associated Calif.) Model No. 8751A. The network analyzer performs 
with the bony member. In this case, terminal 12a of elec- the complete identification of a linear two-port network, in 
trode 12 and terminal 13a of electrode 13 are connected to IS this case that comprised of the two magnetic field coils and 
an impedance analyzer 21 to evaluate the bone-admittance interposed media, i.e., either the bony member or air. The 
function. The impedance analyzer may suitably be a frequency range of the network analyzer is 5 Hz to 500 
Hewlett-Packard (Santa Clara, Calif.) Model No. 4192A. MHz. Two sets of data are acquired in this embodiment of 
This impedance analyzer provides bone-admittance function the invention, namely an inductively-determined (i.e., with 
data over a frequency range of 5 Hz-13 MHz, and is 20 the magnetic field coils) bone-admittance data set, {Y,,,,, 
connected via a general purpose interface bus (GPIB), 16, to (f,), Y,,,,,(f,), Y,,,,,(f,), i=l ,  . . . , K), and an inductively- 
a personal computer 14. A reference-admittance function is determined reference-admittance data set, {Y,,,,,(f,), 
also obtained by removing the bony member 10,11, from Y ,,,, ,(f,), Y,,,,(f,), i=l ,  . . . , K). These two sets of 
between the electrodes (with air only between the inductively-determined admittance functions are notated by 
electrodes) and repeating the measurements with the imped- 25 a subscript "," to indicate that they are obtained with the set 
ance analyzer. The bone-admittance function data, YE,,(f), of magnetic field coils and that they are distinct from the 
and reference-admittance data, YE,Xf), as evaluated by the capacitively-determined bone-admittance and reference- 
impedance analyzer are transferred (i.e., downloaded over admittance functions measured with the electrodes in 
the GPIB 16) to the personal computer 14 for processing another embodiment of the invention. These inductively- 
identical to that specified in Eqs.(6)-(7), in order to obtain 30 determined admittance functions are measured by the net- 
the capacitively-determined frequency-dependent dielectric work analyzer 28 and then uploaded via the GPIB 16 to the 
permittivity, etE,,(f,), i=l ,  . . . , K, and capacitively- computer 14 for further processing. In a presently preferred 
d e t e r m i n e d f r e q u  e n c y - d e p e n d e n t e 1 e c t r i c a 1 embodiment, the inductively-determined bone-admittance 
conductivity atE,,(f,), i=l ,  . . . , K, real functions associated data and inductively-determined reference-admittance data 
with the bony member. Alternatively, the bone-admittance 35 sets serve as the inputs to an appropriately configured neural 
data may be processed directly, either alone or in conjunc- network to generate an estimate of one or more of the 
tion with the reference-admittance data, either by use of a above-indicated and currently analyzed bone properties. In 
neural network or by least-squares regression procedures as several variations of this presently preferred embodiment, 
described in the previous paragraph. In cases where a specific subsets of the inductively determined bone- 
reference measurement is not used, measurements of the 40 admittance data set may be processed either alone or in 
electrode spacing, d, and electrode area, A, may also be used conjunction with specific subsets of the inductively- 
in the overall regression analyses. For example, if the determined reference-admittance data set, either by use of a 
measured bone-admittance function is YE,,(f,), i=l ,  . . . , K, neural network or with use of least-squares regression 
and a reference-admittance function is not obtained, then the procedures. For example, in a currently preferred 
K frequency values of the bone-admittance function may 45 embodiment, K=10 values of the inductively-determined 
serve directly as inputs to a neural network configured bone-admittance function, Y,,,,,(f,), i=l ,  . . . , K=10, with 
appropriately to estimate one or more of the desired bone fl=10 kHz, f2=50 kHz, f3=150 kHz, f4=450 kHz, f5=850 
quantities. Additionally, the electrode spacing and area may kHz, f,=1.6 MHz, f7=4 MHz, f,=10 MHz, f,=25 MHz and 
also serve as inputs along with the bone-admittance values f1,=50 MHz, are used and serve directly as inputs to a neural 
to the neural network. Alternatively, the bone admittance so network configured appropriately to estimate bone mineral 
values may first be scaled with an appropriate form factor, density. In yet another alternative embodiment, the induc- 
i.e., divided by F, where F=Ald, and then input to a neural tively determined bone-admittance data Y,,,,,(f,), 
network for processing. The scaled or unscaled bone- i=1, . . . , K, is curve fit by a second-order regression 
admittances may also be curve fit by a regression equation equation and the regression coefficients are used to identify 
and the regression coefficients used to identify the bone ss the bone density, through use of a first-order linear least- 
quantity of interest, either through use of a neural network squares regression approach. These variations and alterna- 
or a least-squares regression approach. These alternative tive embodiments of the invention which incorporate mag- 
variations of the embodiments are depicted in the flow chart netic field coils are depicted in the flow chart of FIG. 6 .  
of FIG. 4 .  An important aspect of the current invention is the dis- 

In yet an alternative embodiment and with additional 60 covery that the electrode (capacitive-coupling) and magnetic 
reference to FIG. 5 ,  the electrical elements may each be field coil (inductive-coupling) techniques provide indepen- 
cylindrical magnetic field coils 24,25,  placed on either side dent and distinct characterizations of the bony member. This 
of the bony member 10, 11. The magnetic field coils 24,25 novel finding is based on the facts that (1) the bony member 
in this embodiment may each have a diameter of 1 is a heterogeneous (multi-phase) medium and (2) that each 
centimeter, and each be composed of 25 turns of No. 20 65 electromagnetic interrogation method interacts distinctly 
magnet wire. An electronic caliper (not shown), most suit- with respect to the interfaces within the heterogeneous bony 
ably a Mitutoyo Model No. 610-0038, available from East- member. To further explain this concept, suppose a hetero- 
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geneous medium (like trabecular bone for example) is coils characterizations, it is useful to consider a set of 
composed of two materials, namely a fluid, F, and a solid, S, spheres of complex conductivity, a,, embedded in a medium 
and that it is exposed to an exogenous electromagnetic field. of complex conductivity, a,. In this case, one can analyti- 
A Poynting ''mixture" formula can be derived for the effec- cally evaluate the effective complex conductivity, and 
tive complex electrical conductivity, aeff, of the composite s the effective complex conductivity, aM,,ff, in closed form, 
medium: obtaining 

(9) 
U F  - u s  2 

U M , . ~  = u ~ , . f I l  +#s-1 us + 2uF 
( 1 3 )  

r e f  = 
~ E . E - ~ v  10 

Eq. (13) shows for a particular case the uniqueness of the 
electrode and magnetic field coil characterizations of a 

where a, and a, are complex conductivities associated with heterogeneous material, and demonstrates the general result 
the fluid and solid phases, respectively, EF and E, are that a,,@ and aM,@ are distinct and include additional 
complex electric field vectors associated with the fluid and 15 information in relation to each other. 
solid phases, respectively, VF and V, are the fluid and solid With respect to the current invention, the above analysis 
volumes, respectively, over which the integrations in the provides the basis for using the electrode (i.e., capacitively) 
numerator are carried out, and the denominator is a normal- determined bone-admittance function, Y~,b(f), and the mag- 
ization factor for which the integration is carried out over the netic field coil (inductively) determined bone-admittance 
entire medium volume, V, for the electric field vector, E. (It 20 functions, Y~,bl l ( f ) : :  Y~,bl?(f) ,  Y~,b22(f), 
should be understood that the complex conductivities with one another (with or without the associated reference- 

admittance functions). Since bone tissue has numerous for example), are directly related by a factor, jo ,  to associ- interfaces between the bone phase and marrow phase per se, 
ated complex permittivities (aF=jocF, for example), and and since the bony member itself has numerous interfaces 
also to associated real permittivities and real conductivities between the distinct tissue types (e,g,, cortical and trabecular 
( c ~ = c ' ~ + ~ ' ~ / 6 ~ ) ,  for where E'F is the 25 bone), the electrode (capacitive) measurements and mag- 
permittivity and atF is the real electrical conductivity asso- netic field coil (inductive) measurements provide character- 
ciated with the fluid phase.) Similar notations are used izations that are distinct from one another, ~h~ advantages 
throughout this disclosure and should also be understood by associated with using electrode bone-admittance data 
the context whether real or complex permittivities and/or together with magnetic field coil bone-admittance data are 
conductivities are implied.) Note that * denotes complex 30 the improved accuracy and precision with which the bone 
conjugate. The electric and magnetic fields can be expressed properties of interest may be estimated, namely, bone min- 
as functions of a vector magnetic potential, Ai, and a scalar era1 density, architecture, strength, and/or fracture risk. 
electric potential, $i, and where i=F,S: In one such presently preferred embodiment of the 

invention, the capacitively-determined bone-admittance 
B,=VxA, 

(lo) 35 magnitude function IY,,,(f,)l, k=l ,  . . . , 12, f1=200 Hz, 

a A,  
f2=1200 HZ, f3=2500 HZ, f4=5000 HZ, f5=10 kHz, f6=25 

E, = - v # ,  - - ( 1 1 )  kHz, f7=50 kHz, f8=125 kHz, f9=400 kHz, flo=l MHz, f11=4 
at  MHz and f12=10 MHz, and inductively-determined bone- 

admittance magnitude function, IYM,b12(fi)l, i=l ,  . . . , 10, 
with an appropriate boundary condition: 40 fl=10 kHz, f2=50 kHz, f3=150 kHz, f4=450 kHz, f5=850 

kHz, f6=1.6 MHz, f7=4 MHz, f8=10 MHz, f9=25 MHz and 
n.(oFVb-osV$s)=jw(os-oF) A.n (I2) flO=50 MHz, serve as 22 inputs to an appropriately config- 

ured neural network in order to estimate one or more of the 
In Eq. (I2), is a unit vector to the interface between currently analyzed bone properties, This and other variations 
medium and medium F2 A is the assumed known exOg- 45 of the embodiments, including regression based analyses, 
enous vector magnetic potential, and o is the radian fre- are depicted in the flow chart of FIG, ,, 
quency. The Eq. 12, the fact Considering the above electrode and magnetic field coil 
that the electrode (i.e., capacitive) characterization (in which characterizations, more detailed schematic depictions of two 
Ai-O,i=F,S) produce an effective embodiments of the invention are shown in FIG, 8 and FIG, 
say a~,eff,  different from the magnetic (i.e., so 9, These figures contain characterizations of the bony mem- 
inductive) (in which Ai,O,i=F,S), which ber shown in FIG, 1, FIG, 3, and FIG, 5 ,  In FIG, 8, a portion 
produces an effective conductivity~ say such of the bony member consisting of layers of skin (soft tissue), 
that a ~ , d a ~ , e f  (It be understood that in this par- compact (cortical) bone and trabecular bone is shown in 
ticular the is assumed be electrical contact with two electrodes (i,e,, capacitive 
low, so that the induced fields in the composite material may ss coupling), The complex capacitively-determined admittance 
be assumed with respect to the exogenous function of the bony member, Y,,,(f,), i=l ,  . . . , K, is given 
although the results of this section may be understood to 
apply throughout the preferred range of frequencies. Thus in by 

this case the exogenous magnetic vector potential, A, is 
d l  d 2  d 3  d 4  ds assumed to be unperturbed by the currents induced to flow 60 yE,,(f;) = K~ - + - + - + - + - + - + - 

in the composite medium. It should further be understood [ E : ~  %,I EE,2 EE,3 EE,2 %,I 

that the exogenous vector magnetic potential, A, is continu- 
ous across any interface, and thus a subscript i=F or i=S is where 
not explicitly used in the boundary condition (Eq. 12) 
above.) 65 

K,=j2nZf,RlZ (15) 

As a specific example of the above and to further illustrate and where E,,~, c,,,, c,,, and c,,,, are the complex dielectric 
the essential uniqueness of the electrode and magnetic field permittivities associated with electrode (i.e., capacitive) 
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characterizations of the conductive paste, skin (soft tissue) and 
layer, compact (cortical) bone, and trabecular bone, respec- 
tively; do and d, are the respective thicknesses of the two 
conducting paste layers, dl and d, are the respective thick- 
nesses of the two skin (soft tissue) layers, d, and d, are the ' 
respective thicknesses of the two cortical (compact) bone 
layers, d, is the thickness of the trabecular bone within the 
bony member, and Rl is the radius of each circular electrode, i=021,2,3,4,5, where q is a OSqern, such 

It should be understood that the permittivities have a sub- lo that Re[~i]>O, and PO is the magnetic permeability of free 

script ",", to indicate that they are based on electrode Space. Note that EM,, is equal to the permittivity of free 

(capacitive) measurements, in contrast to that which would 'pace, i.e., E ~ , ~ = E ~ .  each of (in the presently 
be evaluated in case of magnetic field coil (inductive) preferred embodiment, OSoS2x.200 MHz) and for each 

measurements, as described in the next paragraph. It should value of q, the following set of equations are evaluated: 

be further understood that each of the said permittivity 1s 
functions is a complex permittivity function described by 1  

as = -e-~sds 1  Po (19) 
2 ( - l i i  

where and are the real dielectric permittivity and 
real electiical conductivity of medium i, respectively, and 
i=p,1,2,3. 

25 
In contrast to FIG. 8, FIG. 9 shows two magnetic field 

coils (i.e., inductive coupling) surrounding a portion of the 
bony member, which consists as before of layers of skin 
(soft tissue), compact (cortical) bone and trabecular bone. In 
this case, however, E ~ , ~ ,  E ~ , ~ , E ~ , ,  and E , ,  are the complex 30 

dielectric permittivities of free-space, skin (soft tissue layer), 
compact (cortical bone layer), and trabecular bone layer, 
respectively, when magnetic field coils are used to 
(inductively) characterize the bony member. Note that E,,= 
'M,2 and E ~ , 5 = E ~ , l '  35 

The set of two-port admittance functions associated with 
the member, {YM,bll(fi), YM,b12(fi)2 YM,b22(fi), 
i=l ,  . . . , K), and which is measured with a network analyzer 
as shown in FIG. 5 is directly related to the inductances and 

40 
mutual inductances associated with the two magnetic field 
coils and enclosed bony member. These inductances and 
mutual inductance can be explicitly derived and are pre- 
sented here. Let 

The mutual (MI,) and self inductance (L,,) are evaluated 
using: 

where 

and 



Analogous equations hold for L,, and M,,. In Eqs. (29)- 
(33), N,I(2al) and N21(2a2) are the number of loops per unit 
length of the coils adjacent to the skin shown on the left side 
and the right side of FIG. 9, respectively, J,(r) is the real 
Bessel function of order 1, and the variables representing the 
size and locations of the coils (i.e., R,, R,, a, and a,) are as 
shown in FIG. 9. 

The above equations, namely, Eqs. (14)-(16) for the 
electrode measurements, and Eqs. (17)<33) for the mag- 

to P. The walls (excluding their pores) have a complex 
conductivity, a,, and the material which fills all the pores of 
the model has a complex conductivity, a,. Using Maxwell 
mixture theory, it can be shown that the reciprocal of the 

s effective complex conductivity, l1aef, of the overall bone 
model structure is given by 

netic field coil measurements, demonstrate explicitly how 10 

the underlying electrical properties of the bony member are 
manifested in the measured bone-admittance functions. It 
should therefore be understood that the respective bone- 
admittance functions, namely {Y,,,(f,), i=l ,  . . . , K), for the 
electrode measurements and {YM,,,,(f,), Y,,,,(f,), YM,,,, IS 

(f,), i=l ,  . . . , K) for the magnetic field coil measurements, 
contain information which is used to generate the indicated 
estimates of the status of bone that is currently being 
analyzed. It should further be understood that the informa- 
tion contained in the electrode and magnetic field coil 20 

measurements are distinct from one another, and therefore 
may be used in conjunction with one another to improve the 
accuracy and precision of the indicated estimates of bone 
status. As noted, these variations of the embodiments are 

where 

u1 = us (1 - a )  + u r a  (35) 

and where a=p1l2 and b=d/l. The porosity, 4, of the trabecular 
bone model is given by 

@=(1-b)3+3ab (37) 

with the constraint aS(1-b)'. 
The above example demonstrates that electromagnetic 

depicted in the flow chart of FIG. 7. 25 measurements contains information related to the biome- 
In one yet further and alternative embodiment of the chanical properties of bone. The above example also shows, 

present invention, and with additional reference to the flow for this particular structural model, that bone density is a 
chart of FIG. 10, the electromagnetic (electrode and mag- function of two (2) architectural parameters (in this case, a 
netic field coil) measurements are used in conjunction with and b), and therefore a single type of measurement 
ultrasonic data to more accurately determine bone density, 30 (electrode or magnetic field coils or ultrasonic) may not be 
architecture, strength, and fracture risk. Standard ultrasonic able to accurately characterize the bone status parameters of 
measurements of acoustic velocity and attenuation are car- interest. However, combining these measurements, either 
ried out on the same bony member evaluated electromag- through an appropriately configured neural network or a 
netically. Details of this ultrasonic technique may be found least-squares regression equation, can provide the informa- 
in U.S. Pat. No. 5,259,384 entitled "Ultrasonic Bone- 35 tion necessary to quantitatively evaluate bone tissue invivo, 
Assessment Apparatus and Method" dated Nov. 9,1993, the as manifested at a given time, through one or more of the 
entire disclosure of which is incorporated herein by refer- quantities: bone mineral density, architecture, strength and 
ence. In this alternative embodiment, the ultrasonic velocity fracture risk. As a further variation of the embodiments of 
and attenuation are used in conjunction with the electrode the invention, the neural network or regression equations 
andlor magnetic field coils admittance functions, which are 40 may be adapted to receive additional inputs (i.e., auxiliary 
all input to an appropriately configured neural network to data) selected from the group comprising: age, sex, weight, 
generate an estimate of the status of bone that is currently height, bone-tissue thickness, soft-tissue thickness and men- 
being analyzed. For example, in one currently preferred tal status. The flow chart in FIG. 10 details several alterna- 
embodiment a feedforward neural network consistinn of 12 tive embodiments associated with the combination of a 

inputs, one hidden layer with 20 units, and one output is 45 ultrasonic, electromagnetic and auxiliary data. 
configured to generate an estimate of the risk (i.e., In yet a further embodiment of the invention, and with 
probability) of bone fracture. The twelve (12) inputs to the additional reference to FIG. 11, a single magnetic field coil 
neural network are the ultrasonic velocity (in meterlsec), 24 is positioned adjacent to the bony member 10, 11, to be 
ultrasonic differential attenuation (in dBcm-'MHz-'). five analvzed. In this embodiment. the magnetic field coil and ,* a 

(5) magnitude values of the capacitively-determined so bony member form a one-port electrical circuit or network, 
(electrode) bone-admittance function normalized by the and an impedance analyzer 28 may be used as part of the 
capacitively-determined (electrode) reference admittance circuit to obtain an inductively-determined one-port 
function, i.e., IYE,,(fit)1YE,,(f,')I, i = l ,  . . . , 5, are frequency-dependent bone-admittance function. By selec- 
(dimensionless) and five (5) magnitude values of the tively using the single magnetic field coil with a medium of 
inductively-determined (magnetic field coils) bone- ss known electrical and magnetic properties, an inductively- 
admittance function, i.e., IYM,,,,(f,")l, i = l , .  . . , 5  (Q-'). The determined one-port frequency-dependent reference- 
frequencies, f,', i=l ,  . . . , 5 ,  are 10 Hz, 1000 Hz, 10,000 Hz, admittance function may also be determined. The two admit- 
50,000 Hz and 200,000 Hz; the frequencies, f,", i=l ,  . . . , 5 ,  tance functions are then comparatively evaluated to estimate 
are 25,000 Hz, 125,000 Hz, 875,000 Hz, 2.5 MHz and 25 one or more of the quantities: bone-mineral density, 
MHz. 60 architecture, strength and fracture risk at a given time. It 

For further understanding of the utility of combining should be understood that the comparative analysis can be 
electromagnetic measurements with ultrasonic data, it is done without use of the reference-admittance function, and 
useful to consider a specific structural model of trabecular further realized that any of a number of types of comparative 
bone. The model consists of a regular arrangement of evaluations may be utilized, for example, neural networks or 
fundamental cubic cells or "rooms" surrounded by porous 65 multivariate least-squares regressions. This embodiment, 
"walls." The walls have a thickness, d, and a length, 1, and that is the single magnetic field coil embodiment, has the 
the average total area of the pores in any one wall is equal practical advantages in that it requires less hardware and 



reduced complexity for data analysis. Of course, it also 
provides less information, which in certain instances does 
not result in a serious deterioration in performance. 

It should be further appreciated that the single coil and 
other non-invasive assessment methods disclosed herein 
may find application to not just bone assessment, but to 
assessment of any object, living or not, for which the 
non-invasive quantitative evaluation of the status of one or 
more aspects of the object is desired. This evaluation should 
be understood to include a variety of material or object 
features, such as density, structure, strength, electrical 
conductivity, presence or absence of cracks or other types of 
flaws, or general state or condition or set of states or 
conditions of an object. In a presently preferred embodiment 
of the invention, and with additional reference to FIG. 12, a 
single magnetic field coil 24 is positioned adjacent to an 
object 11, to be analyzed. The object 11 has a flaw (i.e., a 
crack), 10, within it (in general, the object may have any 
aspect of its quantitative status to be evaluated). A neural 

signals" are actually "pseudo-random." These latter signals, 
or rather electromagnetic fields having such pseudo-random 
signal characteristics, also have been discovered by the 
present inventors to have excellent therapeutic properties. 

s Hence, with additional reference to FIG. 13, a yet further 
embodiment of the invention utilizes a single magnetic field 
coil 24 which therapeutically treats biological tissues 10,11, 
in a living body. A magnetic field coil 24 with biological 
tissues 10, 11, form a one-port electrical network or circuit, 

10 which is connected to an electrical signal or function gen- 
erator 28, whereby to produce an electromagnetic field 
within said living tissue. Function generator 28 may suitably 
be an arbitrary function generator Model No. AWG 2005 
available from Tektronix of Beaverton, Oreg. The AWG 

IS 2005 is capable of outputting 64 k points at up to 20 MHz, 
with 12 bit resolution. The electromagnetic field within the 
living tissues should be understood to be a stochastic signal 
or a pseudo-random signal. (It will be obvious to those 
skilled in the art that the input signal applied to the magetic 

network is configured so that it can identify the presence or 20 field coil, that is the signal supplied by the function genera- 
absence of the crack below the surface of the object. In this tor 28, will have stochastic or pseudo-random signal char- 
embodiment, the input to the neural network were 10 values acteristics different from the electromagnetic field signals 
of the inductively-determined frequency-dependent object- themselves. This is due to the "filtering" effects of the 
admittance function, over the frequency range 1000 Hz to magnetic field coil itself, the biological tissues, and other 
100 kHz. The neural network was configured to have a 25 portions of the one-port electrical circuit or network (such as 
single output and was trained to output a "1" when the crack the wires and connectors). It is straightforward to evaluate 
was present within the object and a "O" when the crack was these filtering effects and to thereby select the proper input 
absent within the object. It is to be noted that in this case the signal to obtain an electromagnetic field signal with the 
neural network identifies the value of a "categorical desired stochastic or pseudo-random properties. See for 
variable," that is a variable whose value is either zero or one. 30 example the book Engineering Applications of Correlation 
In the present invention, such categorical variables are and Spectral Analysis, 2nd Edition, by J. S. Bendat and A. 
treated similarly to "continuous" variables, such as density G. Piersol, Wiley-Interscience, New York, published in 
or electrical conductivity. The choice of type of variables 1993.) 
depends on the particular application and the specific state or In a presently preferred embodiment, bone growth, bone 
condition or set of states or conditions of the object being 35 ingrowth and bone healing are stimulated with a pseudo- 
assessed. It should be understood that in any one specific random electromagnetic field signal which has an approxi- 
application, the quantities assessed for a particular object mately "1R' power spectrum. In this presently preferred 
can include both categorical and continuous variables. embodiment, the "llf' power spectrum has energy largely in 

The present inventors, through their investigations of the range of 1 Hz to 1000 Hz. It should be understood, 
non-invasive and quantitative assessment methods of bone 
and other biological tissues using a single magnetic field 
coil, have discovered that a certain class of electromagnetic 
field signals may be used to significantly stimulate the 
healing process in a number of living tissues. The present 
inventors have discovered in the course of their investiga- 
tions with using various input signals for obtaining 
inductively-determined frequency-dependent bone- 
admittance functions, that extremely effective therapeutic 
benefits can also result when the generated electromannetic 

40 however, that the present invention uses stochastic or 
pseudo-random electromagnetic signals not limited to only 
"llf' type signals or to a spectral region between 1 Hz and 
1000 Hz, but rather uses any stochastic or pseudo-random 
signal from within the entire class of stochastic or pseudo- 

45 random signals, and which contain energy from within a 
range of frequencies from 0.0001 Hz to 1000 GHz. It should 
additionally be understood that the stochastic or pseudo- 
random signals disclosed in the present invention may be 
associated with either the electric field comvonent or the 

u u 

fields are stochastic signals and are applied for a period of so magnetic field component of the electromagnetic field gen- 
time to a living but damaged tissue or tissues. Stochastic erated by the magnetic field coil, either within the treated 
signals are signals which do not a priori have a deterministic tissue or within a reference medium such as air or saline. It 
or predictable pattern, as is the case, for example, with a sine should further be understood that the use of stochastic or 
wave of prescribed amplitude, frequency and phase. A pseudo-random electromagnetic signals is not limited to 
stochastic signal, s(t), is often characterized by its power ss bone therapy, but may be applied to a number of biological 
spectrum, S(f), as opposed to the simple analytic represen- tissues, including but not limited to skin, muscle, ligaments, 
tation used for a deterministic (non-stochastic) signal. An cartilage, tendon, as well as bone. In many cases, for 
excellent reference for stochastic signals can be found in the example, more than one type of tissue is damaged and can 
book Random Signals and Noise, by W. B. Davenport and benefit from stimulated healing. As three particular 
W. L. Root, published by McGraw Hill in New York, in 60 examples, stochastic electromagnetic therapy may be uti- 
1958. Methods for generation of stochastic signals are also lized for soft tissue wound healing, or for arthritis treatment, 
well known; see for example the book by P. Bratley, B. L. or for combined soft tissue and bone healing, in the case of 
Fox and E. L. Schrage entitled A Guide to Simulation, an bone fracture with collateral soft tissue damage (an 
published by Springer-Verlag in New York in 1983, which is "open" fracture). In general, treatment with a stochastic or 
an excellent reference on the subject. Although true stochas- 65 pseudo-random electromagnetic field signal as disclosed 
tic signals do exist, as for example the voltage across an herein should be understood to be applied to one, or more 
open-circuited resistor, many laboratory type "stochastic than one, biological tissues in a living body, which are 
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understood to be placed near to the magnetic field coil, and linear regression. In contrast, the processing described 
that the display of two tissues in FIG. 13 should not be relies on neural network technology, which provides 
considering limiting in any way. multivariate nonlinear analysis to determine the 

It should additionally be understood that both therapy and density, architecture, strength, andlor fracture risk of 
diagnosis may be carried out simultaneously or nearly so, in s bone,  hi^ approach also may be regularly updated and 
order to obtain information about the degree of therapeutic improved, as more data becomes available; 
effect and state of healing of the tissue. Finally, the stochas- 

(7) Use of a single magnetic field coil to evaluate quan- 
tic or pseudo-random electromagnetic field treatment may 
extend for a number of minutes per application, one or more titatively and non-invasively the state or condition of an 

applications per day, for a number of days and at an lo object, and the use of sophisticated nonlinear 

electromagnetic field amplitude as may be required to treat processing, including neural networks, to obtain such 

a particular condition and individual. evaluations; 

The foregoing discussion for the variations and embodi- (8 )  Unique and innovative stochastic and pseudo-random 
ments of FIGS. 1-12 has demonstrated both digital and electromagnetic field signals which offer much more 
analog techniques. It will be understood, therefore, that the IS effective therapeutic results than conventional deter- 
respective embodiments and their variations can be imple- ministic signals employed by the prior art; 
mented through either digital or analog techniques. (9) The convenience and practicality of a single magnetic 

It will be seen that the described invention meets all stated field coil for therapy, in contrast to some of the prior art 
objectives as to evaluation of the status of bone tissue in which utilizes a pair of magnetic field coils; and 
vivo, with specific advantages that include but are not 20 

limited to the following: (10) The nature of the apparatus as described here serves 
best the purposes of further experimentation and explo- 

(1) Broadband pulse excitations which provide an 
ration for obtaining accurate electromagnetic bone data 

extremely large bandwidth over which to examine the 
that can be correlated for the indicated objectives. The electrical properties of the bone tissue. This allows a 
embodiments of the invention as described above can 

great deal of information on the bony member to be 25 
explore a wide range of experimental configurations. more obtained through identification of the frequency- 
Their use is expected to lead to the development of 

dependent admittance functions (obtained with elec- 
compact and eficient apparatus for obtaining the indi- 

trodes andlor magnetic field coils). Direct measure- cated objectives. For example, an analog implementa- 
ments of the (capacitively-determined) electrical bone- 

tion can easily be constructed if economy and simplic- 
conductivity real function, atE,&),, and frequency- 30 

ity are the primary objectives. Other systems which dependent dielectric bone-permittivity real function, 
rely on analog-to-digital converters are more 

etE,,(f), associated with the bony member, can also be 
expensive, yet can be more flexible in terms of the type 

obtained; of processing which can be performed. Either type of 
(2) Incorporation of as much information as is available system can either be built as a stand-alone unit or as 

from linear electromagnetic measurement data, which 35 part of a PC-based system. 
includes using both the frequency-dependent electrical what  is claimed is: 
bone-conductivity function, a ' ~ , b ( f ) ,  and 1. A method of non-invasively therapeutically treating 
frequency-dependent relative dielectric bone- living tissue in a living body, comprising the steps of: 
permittivity real function, etE,,(f), and taking into 
account the nonlinear frequency-dependence of the 40 (a) placing a magnetic field coil near said living tissue of 
complex dielectric functions through appropriate least- said living body, said magnetic field coil and living 
squares regressions; tissue comprising a one-port electrical network; 

(3) Use of both capacitively-derived (i.e., electrode) bone- (b) connecting an electrical signal generator to said one- 
admittance function data, YE,,(f), as well as 45 port electrical network; and, 
inductively-derived (i.e., magnetic field coils) bone- (c) generating an electromagnetic field within said living 
admittance function data, {YM,,,,(f), YM,,,,(f), YM,,,, tissue, said electromagnetic field being pseudo-random. 
( f ) ) ,  which due to the heterogeneous nature of trabe- 2. The method of claim 1 wherein said electromagnetic 
cular bone as well as the multi-layered nature of the field has a "1R' power spectrum. 
bony member itself comprised of soft tissue, cortical so , 3. The method of claim 2 wherein said power spectrum 
bone and trabecular bone, provide independent features includes energy ranging from about 1 Hz to about 1000 Hz. 
related to the desired properties of bone being ana- 4. The method of claim 2 wherein said power spectrum 
lyzed; includes energy ranging from about 1 Hz to about 1000 Hz. 

(4) Use of a specific calibration technique through means 5 .  A method of non-invasivel~ therapeutically treating 
of reference measurements to determine the actual 55 living tissue in a living body, comprising the steps of: 
electrical properties of the bony member, as for (a) placing a magnetic field coil near said living tissue of 
example, through identification of the geometric form said living body, said magnetic field coil and living 
factor associated with the electrode configuration; tissue comprising a one-port electrical network; 

(5) Combining both electromagnetic data (bone- (b) connecting an electrical signal generator to the said 
admittance andlor permittivity and conductivity 60 one-port electrical network; and, 
functions) with ultrasonic measurements, which Pro- (c) generating an electromagnetic field within said living 
vides for increased accuracy and precision of the bone tissue, said electromagnetic field being stochastic. 
property estimates, due to the multi-factorial nature of 6, me method of claim 5 wherein said electromagnetic 
bone and related bone status parameters; field has a "1R' power spectrum. 

(6) Sophisticated analysis of the data, in contrast to the 65 

prior art which relies largely on simplistic univariate * * * * *  
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