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Non-invasive. quantitative in-vivo ultrasonic evaluation 
of bone is performed by subjecting bone to an acoustic 
excitation pulse supplied to one of two transducers on 

opposite sides of the bone, and involving a composite 
sine-wave signal consisting of repetitions of plural dis- 
crete ultrasonic frequencies that are spaced at approxi- 
mately 2 MHz. Signal-processing of received signal 
output of the other transducer is operative to sequen- 
tially average the most recently received given number 
of successive signals to obtain an averaged per-pulse 
signal and to produce a Fourier transform of this signal. 
In a separate operation, the same transducer responds to 
the transmission and reception of the same excitation 
signal via a medium of known acoustic properties and 
path length to establish a reference signal, which is 
processed to produce its Fourier transform. The two 
Fourier transforms are comparatively evaluated to pro- 
duce a bone-transfer function, which is then processed 
to derive the frequency-dependent specific-attenuation 
and group-velocity functions p(f) and Vg(f) associated 
with the bone-transfer function. The function Vg(f) is 
related to the derivative of the phase of the bone-trans- 
fer function, as a function of frequency. A neural net- 
work, configured to generate an estimate of one or 
more of the desired bone-related quantities, is con- 
nected for response to the functions p(f) and Vg(f), 
whereby to generate the indicated estimates of bone 
status, namely, bone-density, bone-strength and fracture 
risk. 

32 Claims, 3 Drawing Sheets 
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quence of tone signals, in the range 200 to 600 kHz, 
ULTRASONIC BONE-ASSESSMENT APPARATUS applied to one transducer and received by another 

AND METHOD transducer, (a) after passage through a heel bone, in 
comparison with (b) passage between the same two 

BACKGROUND OF THE INVENTION 5 transducers without the intervening presence of the 

The invention pertains to apparatus and methods for heel. The assumption necessarily is that the frequen- 
non-invasively and quantitatively evaluating the status cy/attenuation relation is a straight line, i.e. of constant 
of bone tissue in vivo, as manifested, at a given time, slope. 
through one or more of the quantities: bone-mineral Brandenburger U.S. Pat. No. 4,926,870 discloses an- 
density, strength, and fracture risk. 10 other in vivo bone-analysis system which depends upon 

In recent years, various attempts have been made to measuring transit time for an ultrasonic signal along a 
use ultrasonic energy to assess the condition of bone desired path through a bone. A "Canonical" wave 
tissue, in vivo, but these attempts have been essentially form, determined by previous experience to be on the 
ad hoc, with no consistent framework within which to correct path, is used for comparison against received 
analyze data. A great deal of information is obtainable l5 signals for transmission through the patient's bone, 
from ultrasonic experiments, but much of the informa- while the patient's bone is reoriented until the received 
tion has not been used. The signal-processing tech- signal indicates that the patient's bone is aligned with 
niques that have been used have been so simple as to the desired path. Again, ultrasonic velocity through the 
ignore available and useful aspects of the data, and the patient's bone is assumed to have been determined from 
signal-to-noise ratio of experimental data has been rela- 20 measured transit time. 
tively poor. Rossman et al. U.S. Pat. No, 5,054,490 discloses an 

Pat. No. 3,847,141 to Hoop discloses a device to ultrasound densitometer for measuring physical proper- 
measure bone density as a means of monitoring calcium ties and integrity of a bone, upon determination of tran- 
content of the involved bone. A pair of opposed ultra- ,it time, in viva, through a given bone, in compa~son 
sonic transducers is applied to opposite sides of a pa- 25 with transit time through a medium of known acoustic 
tient's finger. such that recurrent pulses transmitted via properties; alternatively, the Rossman et device 
One transuducer are "focused" On the the pares absolute attenuation of frequency compo- 
receiving response of the other transducer is similarly nents of ultrasound acoustic signals through the bone 
"focused" to receive pulses that have been transmitted with the absolute attenuation of the same frequency through the bone. The circuitry is arranged such that 30 components through a medium of known acoustic prop- filtered reception of one pulse triggers the next pulse 
transmission; the filtering is by way of a bandpass filter, erties. For attenuation measurements, a "broad-band 

components of received signals, only in the 25 ultrasonic pulse" is recommended and is illustrated as a 

to 125 k~~ range; and the observed frequency of retrig- single spike "which resonates with a broadband ultra- 
gering is said to be proportional to the calcium ,-ontent 35 sonic emission". The necessary comparisons are per- 
of the bone. Thus, Hoop is not concerned with anything formed a in a of 
more than what he perceives to be transit time for attenuation versus frequency in the broadband of inter- 

pulses in the indicated band. est. The frequencies or frequency ranges are not dis- 
Pratt, Jr. is identified with a number of U.S. patents, closed. 

including Nos. 4,361,154, 4,421,119 (divisionally related 40 The prior art* by the references that have 
to the '154 patent, and subsequently reissued, as Re. No. been briefly discussed, proceed on the assumptions ei- 
32,782). 4,913,157, and 4,941,474, all dealing with estab- ther that transit time is all-important in assessing acous- 
lishing, in viva, the strength of bone in a live being such tic velocity Or that only One or a few Specific ~ltraS0nic 
as a horse. In the first three of his patents, the inventor frequencies are significant in the determination of the 
bases his disclosures on the measurement of transit time 45 attenuation versus frequency "slope" of a presumably 
from "launchw to of pulses of 0.5 MHz and linear relationship. However, the present inventors 
1.0 MHz through the bone and soft tissue, and from have found that the attenuation versus frequency rela- 
measurement of time, to thereby derive a tion for bone is non-linear, over the range of ultrasonic 
measurement of transit time through bone alone. A data frequencies of likely interest, namely, UP to approxi- 
bank enables his evaluation of the meaning of variations 50 mately 2 MHz, and that potentially significant data exist 
in measurements of transit time, which the inventor and have been discarded or overlooked in the prior art 
deduces to be propagation velocity through each mea- through a preoccupation with measuring transit time 
sured bone. The inventor's U.S. Pat. No. 4,913,157 op- and/or the velocity of ultrasonic acoustic propagation 
erates on the same general principle of transit-time/- through bone and soft tissue. Moreover, prior efforts to 
velocity deduction, using the later preferred frequency 55 achieve a broadband analysis have overlooked a need to 
of 2.25 MHz as the base frequency of pulsed "launch- assure adequate signal above noise throughout a rele- 
ings", and he purports to derive the bone-transfer func- vant broadband of ultrasonic frequencies. 
tion from analysis of an average of received pulses. In 
his U.S. Pat. No. 4,941,474, the inventor further refines BRIEF STATEMENT O F  THE INVENTION 

his technique of transit-time/velocity deduction, inter 60 It is accordingly an object of the invention to provide 
alia, by separately determining the ratio of the velocity an improved method and apparatus for non-invasive 
of his observed "bone signal" to the velocity of his and quantitative evaluation of bone tissue in vivo. 
observed "soft-tissue signal", using the technique of Another object is to meet the above object, such that 
matched filtering/Fourier transform filtering set forth bone-mineral density, strength, and fracture risk may be 
in his U.S. Pat. No. 4.913,157. 65 readily and more reliably evaluated than heretofore. 

Palmer et al. U.S. Pat. No. 4,774,959 discloses appara- A specific object is to achieve the above objects with 
tus for deriving the slope of the relation between ultra- a broadband approach wherein ultrasonic signal suffi- 
sonic frequency and attenuation, for the case of a se- ciently exceeds noise throughout the broadband, to 
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enable evaluation of received signal above noise, transducers 12, 13, which may be identically the same, 
throughout the broadband ultrasonic region to about 2 and obtainable from Panametrics, Inc., Waltham, Mass.; 
MHz. suitably, each of transducers 12,13 may be Panametrics 

It is a general object to achieve the foregoing objects "VIDEOSCAN" part number V318-SU, having a nom- 
with apparatus components that are commercially 5 inal element size of Q-inch diameter, and rated for 500 
available. kHz. As shown, transducer 12 is used for signal launch- 

Briefly stated, the invention in its presently preferred ing and transducer 13 is the receiver of the launched 
form achieves the foregoing objects by iteratively sub- signals after passage through bone 10, through its sur- 
jecting bone to an ultrasonic acoustic excitation signal rounding soft tissue 11, and through a coupling medium 
pulse of finite duration, supplied to one of two transduc- 10 such as a gel between each transducer face and outer 
ers on opposite sides of the bone, and involving a com- skin of the soft tissue 11. 
posite sine-wave signal consisting of plural discrete Basic operation is governed by computer means 14, 
frequencies that are spaced in the ultrasonic region to which may be a PC computer, such as the "25 MHz 
approximately 2 MHz; the excitation signal is repeated 386" available from Gateway 2000, Inc., North Sioux 
substantially in the range 1 to 1000 Hz. Signal-process- I5 City, S.D.; as its designation suggests, this computer 
ing of received signal output of the other transducer is contains a 25 MHz clock-pulse generator, and an Intel 
operative (a) to sequentially average the most recently 80386 processor, with provision for keyboard instruc- 
received given number of successive signals to obtain an tion at 14'. 
averaged per-pulse signal and (b) to produce a Fourier An arbitrary function-generator card 15 is shown 
transform of the averaged per-pulse signal. In a separate 20 installed in the computer. This card is relied upon to 
operation not involving the bone, the same transducers generate an excitation signal which is periodically sup- 
respond to the transmission and reception of the same plied to the launch transducer 12, via power amplifier 
excitation signal via a medium of known acoustic prop- means 16. The power amplifier is suitably Model No. 
erties and path length to establish a reference signal, and 240L, an RF  power-amplifier product of EIN, Inc., 
this reference signal is processed to produce the Fourier 25 Rochester, N.Y. This product provides a 50 dB gain, 
transform of the reference signal. The two Fourier over the range 20 kHz to 10 MHz. 
transforms are comparatively evaluated to produce a The excitation signal generated by card 15 is a finite- 
bone-transfer function, and the bone-transfer function is duration composite sine-wave signal, consisting of plu- 
processed to derive the frequency-dependent specific- ral discrete frequencies that are spaced in the ultrasonic 
attenuation function p(f) and the frequency-dependent 30 spectral region to approximately 2 MHz, and this exci- 
group-velocity function vg(f) associated with the bone- tation signal is repeated substantially in the range 1 to 
transfer function; specifically, the frequency-dependent 1000 Hz. Card 15 may suitably be a waveform synthe- 
group velocity function vg(f) is related to the derivative sizer product of Quatech, Inc., Akron, Ohio, identified 
of the phase of the bone-transfer function, as a function by Quatech part No. WSB-100. This waveform synthe- 
of frequency. Finally, a neural network, configured to 35 sizer provides generation of analog signals independent 
generate an estimate of one or more of the desired bone- of the host computer 14, allowing full processor power 
related quantities, is connected for response to the spe- to be used for other tasks, including calculation of 
cific-attenuation function p(f) and to the group-velocity waveform data; it has the capacity to generate an output 
function vg(f), whereby to generate the indicated esti- signal comprising literally thousands of points in the 
mates of the status of bone that is being analyzed. 40 indicated ultrasonic frequency region. 

DETAILED DESCRIPTION OF THE 
Another card 17 is also shown installed in the com- 

INVENTION 
puter for converting signals received at 13 in digital 
format for further processing in computer 14. Card 17 

The invention will be described in detail for a pres- may suitably be a 100 MHz waveform digitizer, part 
ently preferred embodiment, in conjunction with the 45 number "STR*8100", a product available from SONIX, 
accompanying drawings, in which: of Springfield, Va. A connection 18 is shown by dashed 

FIG. 1 is an electrical-circuit diagram schematically lines, connecting the signal-generator card 15 to the 
showing the interconnected relation of components of A/D card 17, for synchronizing purposes and for the 
apparatus of the invention; purposes of digitizing the excitation signals, to enable 

FIG. 2 is, for a first embodiment, a flow chart of 50 computer 14 to perform asuitably compensated, contin- 
computer-controlled operations in automatically ana- uously operative updating average of the signals re- 
lyzing and quantitatively reporting estimates of relevant ceived at 13. 
bone-related factors; and Finally, general signal-processing/display/storage 

FIG. 3 is a flow chart similar to that of FIG. 2, but for software, for the signal-processing control and opera- 
another embodiment. 55 tion of the computer is not shown but will be under- 

The invention is shown in FIG. 1 in application to stood to be a floppy disk loaded at 19 into the computer; 
interconnected components for constructing apparatus this software is suitably the MATLAB-386, available 
for performing methods of the invention, namely, for from The Math Works, Inc., Natick, Mass. Further 
non-invasively and quantitatively evaluating the status software, also not shown but loaded into the computer, 
of bone tissue in vivo, as manifested through one or 60 is neural-network software, identified as EXPLO- 
more of the quantities: bone-mineral density, strength, RENET 3000, a product of HNC, Inc., San Diego, 
and fracture risk at a given time. These components are, Calif. 
in general, commercially available from different In the presently preferred embodiment, involving the 
sources and will be identified before providing detailed described components of FIG. 1, the same components 
description of their total operation. 65 are utilized not only for performing the continuously 

In FIG. 1, the bone locale 10 to be analyzed in vivo updated averaging of the latest succession of signals 
is shown surrounded by soft tissue 11 and to be inter- received at 13, but also for establishing and entering into 
posed between two aligned and opposed ultrasonic computer storage the Fourier transform of a reference 



signal that is obtained by removing the body part 10, 11 that the received signal has approximately constant 
from the space between transducers 12, 13. signal-to-noise ratio throughout the frequency range. 

Computer operation on the updated average of the The above waveform is transmitted periodically at a 
received signals will be referred to as the averaged repetition rate of 500 Hz. In the presently preferred 
per-pulse signal, and this averaged per-pulse signal is 5 embodiment, each received waveform, sAt),is averaged 
also signal-processed in the computer into the Fourier a total of 100 times to  obtain the averaged per-pulse 
transform of the averaged per-pulse signal. signal, s(t). Subsequently, the Discrete Fourier Trans- 

The computer will be understood to be further pro- form (DFT), S(f), of s(t) is obtained using the Fast Fou- 
grammed to comparatively and continuously evaluate rier Transform (FFT) algorithm. 
the Fourier transform of the currently averaged per- 10 A reference signal, r(t) is also obtained by averaging 
pulse signal, against the Fourier transform of the refer- 100 ultrasound signals transmitted through water only, 
ence signal, thereby producing a bone-transfer function. i.e., by removing the bony member and replacing it with 
Still further, the computer will be understood to be water. The same composite sine wave input signal is 
programmed to process the bone-transfer function to used for generation of the reference signal, in order that 
derive the frequency-dependent specific-attenuation 15 the bone-transfer function be obtained as shown below. 
function p(f) and the frequency-dependent group- The DFT,  R(f), of the reference signal is then obtained 
velocity function vg(f) associated with the bone-transfer using the FFT. 
function. Finally, these two functions, for each of the The data is further processed to obtain the bone trans- 
large plurality of involved frequencies in the composite fer function, H(f), where 
sine-wave signal are supplied within the computer to  20 
the neural network, it being understood that the neural 

HY) A =  (3) network will first have been trained and configured to RV) 
generate an estimate of one or more of the above- 
indicated and currently analyzed bone properties. H(f) is processed further to obtain the frequency- 
namely, bone-mineral density, strength, and fracture 25 dependent specific-attenuation function, p(f), and fre- 
risk. quency-dependent group-velocity function, vg(f): 

In the presently preferred embodiment of the inven- 
tion and with additional reference to  the flow diagram PV) = -log( 1 HV) I '/L) (4) 
of FIG. 2, data is collected and processed as follows. A 
bony member (10 , l l )  is placed between two ultrasound 30 and 

transducers (12. 13). An ultrasound signal is transmitted 
v f l =  1 from transducer (12), passes through the bony member, L & + l  

and is received by the other transducer (13). The trans- 2a df V ,  

mitted ultrasound signal is generated using a finite-dura- 
tion composite sine-wave signal. A single repetition of 35 where 

this waveform is described by 
ardHV)l p V ) = - -  

(6) 
L 

.Y 
v(r) = ,t a,sin(2zhr f bi). 0 S r 2 T 

(1)  

r=O 40 Here, v,is the velocity of ultrasound in water, L is the 
thickness of the bony member, and arg[H(f)] evaluates 

where a; and 6; are the amplitude and phase, respec- the phase of the complex bone transfer function, H(f). 
tively, associated with frequency f;.i= 1, . . . , N, and T The frequency-dependent specific-attenuation, p(f;), 
is chosen to be at least two times longer than the period and frequency-dependent group-velocity, vg(fi),i=l, . . 
of the lowest frequency fl. The frequencies f; are se- 45 . , N, serve as inputs into an appropriately configured 
lected from within the range 25 kHz-2 MHz. In this neural network to generate an estimate of one or more 
preferred embodiment, the lowest frequency f1=100 of the above-indicated and currently analyzed bone 
kHz. T=20 microseconds, and the frequency range is properties, namely, bone-mineral density, strength, and 
100 kHz-800 kHz, with 50 kHz intervals, for a total of fracture risk. In the presently preferred embodiment, 
N =  15 frequencies. The phases $i are pseudo-random 50 the neural network is a feedforward network with 30 
numbers distributed uniformly between 0 and 2 ~ .  This inputs, 1 output, and one hidden layer which consists of 
ensures that peak amplitudes are minimized for fixed 300 processing elements. The network is trained with 
signal power. The amplitudes, a;, are chosen according the backpropagation algorithm to estimate bone mineral 
to  the relationship density. 

55 The above set of inputs was used to evaluate the 
exp(Bfi) (2) ability of the neural network to predict bone mineral 

ai a - I H a )  I density. In this connection, a training set of data was 
established from 27 bovine trabecular bone cubes for 

In this expression, B is the attenuation of an average which the ultrasound specific-attenuation, ultrasound 
bony member and ( HXf;) / is the magnitude transfer 60 group-velocity, and bone mineral density had been mea- 
function of the overall ultrasound measurement system sured. Using simple linear regression, the average per- 
when a medium of negligible attenuation is placed be- cent errors for predicting density were 25 and 23 per- 
tween the two transducers. In this preferred embodi- cent for specific-attenuation and group-velocity, re- 
ment of the invention, B =  10 nepers MHz-',and spectively. In contrast, the neural network provided a 
1HXf;)l is the magnitude Fourier transform of the re- 65 15 percent error in predicting density, representing 
ceived waveform after it has propagated through water about a 40 percent improvement in prediction accuracy. 
using an impulsive-type input signal. This choice for the The neural network was able to nonlinearly combine 
amplitudes of the composite sine-wave signal ensures additional information from the specific-attenuation and 



group-velocity functions compared with the univariate d,. In this embodiment, individual estimates of the soft- 
regressions. Moreover, this neural network based ap- tissue thickness on each side of the bone are made in an 
proach does not require any a priori information on the identical fashion to that described in the above para- 
functional form relating specific-attenuation and group- graph, and added together to obtain the final estimate. 
velocity to density (or strength or fracture-risk). It ex- 5 The corrected specific-attenuation and corrected 
tracts this information from the data itself. group-velocity are obtained in an identical fashion as in 

In a variation of the described procedure, both the equations (8-9). 
frequency-dependent specific-attenuation ~ ( f i )  and fre- In still another variation of the invention, the vari- 
quency-dependent grou~-velocit~ vdfi),i= 1, . . , N, ance, r p 2 ,  of the frequency-dependent specific-attenua- 
are modelled with polynomials whose ~ 0 ~ f i c i e n t s  are 10 tion, p(f), and the variance, rv2, of the frequency- 
obtained using linear-least-squares analysis. These coef- dependent group.ve~ocity, Vg(f), are evaluated on-line. 
ficients, i.e-, PO, pit . . . p ~ a n d  Vgo,vgl~ - . . t VgKServe  he value of the variance, relative to the mean, can be 
as another configured neural used to determine the time at which sufficient signal 
network. In this preferred embodiment, M = 2  and averaging has been achieved. Monitoring of the vari- 
K= 1, and the neural network is a feedforward network 15 ante can also be used to indicate lack of precision in the 
with 5 inputs, 1 output, and one hidden layer consisting data, and that the experimental conditions must be mod- 
of 50 processing The network can a l ~ ~  ified. The expressions for recursively the 
be configured to estimate bone strength and/or fracture 
risk, in addition to bone density. In these cases, different Variances are 

sets of training data are required to specify the neural 20 
network. u,,2(1) = T 1 [pi - p;]Z + - ap2(i - I), i = 1, . . . , pOv (10) 

In another variation of the described procedure, the 
transmitting transducer is adapted for measuring the 1 

waveform in order to obtain an uv2(17 = T [vgi - vgi12 + - ut2(i  - 1). i = 1 , .  . . , vuvg (1 1) 

estimate of the traversed soft-tissue thickness. Reflec- 25 
tion measurements are made with a Panametrics (Wal- In these expressions, p; and vg; are the specific-attenua- 
tham, Mass.) Pulser/Receiver Model #500 PR which tion and group-velocity associated with data-acquisition 
excites the transmitting transducer with a narrow pulse i, respectively, while the overbar on each represents the 
and subsequently measures the reflected waveform. current mean value. By comparing the respective vari- 
The arrival time of the reflected signal provides a mea- 30 ances with the respective mean values (squared), the 
sure of the round-trip transit time, 7 ,  for the acoustic number of acquisitions (pavgand vOvg) needed to achieve 
pulse to travel from the transducer through the soft-tis- ,,timates of specific precision can be assessed. For ex- 
sue, to the bone surface (where it is partiall y reflected), ample, in some innances, 1000 were re- 
and back through the soft tissue. The soft-tissue thick- quired to achieve a relative precision of 0.01 (the ratio 
ness d, can then be calculated as 35 of the square root of the variance to mean) in both the 

dx= r j l  
specific-attenuation and group-velocity, while in other 

(') cases 100 acquisitions were sufficient to attain the same 

where v, is the velocity of ultrasound in soft tissue and precision. 

is given v,= 1540 ms-l ,  Equation includes a In the second embodiment of the invention, namely, 
factor of two for estimating the soft-tissue thickness on 40 as indicated in the flow diagram of FIG. 3, direct esti- 

both sides of the bone. mation of the frequency-dependent specific-attenuation 
The soft-tissue thickness, d,, may then be used to frequency-dependent grou~-velOcit~ is performed. 

correct the specific-attenuation, p ( ~ ,  and group- In this embodiment, an input signal which produces an 

velocity, vg(f). These corrections are given by acoustic pulse with a Gaussian envelope is used. The 
45 signal which propagates through the reference medium, 

L (8) 
r(t), is given by 

~ c o r A n  = ( ~ ( n  - + 
<I)= e-u2r2 cos(R>t2+ o,t+&) (12) 

.g.co,u, = 
vnv,  (9) 

L d.7 v f l  ---- 50 The bone-transfer function is assumed to be reasonably 
L - d, L - d,  vs well-modelled by the following second-order polyno- 

mial expansion of the phase, @(f), and attenuation, 
where udfl is the s~ecific-attenuation of soft-tissue. and A(f)*: , -. , 
pcor,(f) and ~ ~ , ~ ~ ~ ~ ( f )  are the soft-tissue corrected fre- 
quency-dependent specific-attenuation and soft-tissue 55 H~~e-[A0+A'2Tf+A2(21Tn21een~+Q12Pf+Q~ 

2c2xn21 
corrected frequency-dependent group-velocity, respec- (13) 

tively. The soft-tissue specific-attenuation is modelled .In the variations and embodiments thus far discussed, p(f)=A(f)/L 
as a linear function of frequency, namely, and P(f)=@(f)/L. Thus, knowledge of A(f) and bony member length L 

p ~ f ) =  2 x where f is the frequency in H ~ .  ~ ~ ~ l i -  give directly the specific-attenuation function, p(f). Similarly, PQ may 
also be used in equation (5) to calculate the group-velocity function, 

cation of the above correction equations (8-9) has a 60 
relatively small effect on specific-attenuation (about With the above Gaussian input signal and bone-trans- 
0.5%-2%) and a larger effect on group-velocit~ fer function approximation, the signal measured at the 
(4%-lo%), depending on the relative amount of soft receiver is 
tissue and acoustic properties of the bony member. 

In another variation of the process of FIG. 2, the 65 str)=e- aoe-Aoz (r-ro)2 C O S [ R O ~ ( I - ~ ~ ) ~ + ~ ~ ~ + ~ ]  (14) 
transmitting and receiving transducers can both be 
adapted for pulse-echo mode, in order to obtain a more The signal parameters in equation (14) can be written as 
accurate estimate of total traversed soft-tissue thickness, explicit functions of the input signal parameters and the 
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bone-transfer function parameters. One can invert these duration composite-sine wave signal is used which takes 
relationships to obtain: into account the spectral properties of the bony member 

and of the ultrasound transducers/measurement system. 
Ao2 ~2 (15) This allows more accurate estimates of the frequency- 

A2 = - 
4(Qo4 + Ao4) 4(u4 + 0 : )  

5 dependent specific attenuation function, p(f), and fre- 
quency-dependent group-velocity function, vg(f), to  be 

no: n? ( 1 6 )  made; 
@2 = - 

4(Ro4 + Ao4) 4(u4 + R P )  (2) Incorporation of additional information not used 
by the prior art, which includes: (a) using both the fre- 

~2 (17) lo quency-dependent specific-attenuation, p(f), and fre- 
A ]  = 

2(u4  + np) 2 r V c  - h) - 4 x f d 2  quency-dependent group-velocity, vdf), functions; (b) 
taking into account the frequency dependence of the 

Qc2 (18) group-velocity vdf) as well as the frequency-depend- a'] = TO + 
2(a4 + nC4)  

2nVc - h )  - 4 ~ h Q 2  ence of the specific-attenuation p(f); and (c) taking into 
l 5  account the nonlinear frequency-dependence of the 

A0 = a,) - ~2 (19) specific-attenuation function p(f) and/or the group- 
4 a2vc - h)2 - 

4(u4 + R;i)  velocity function, vdf); 
(3) Use of an analytic derivation for describing the 

u 4 + n f  20 group-velocity function, vg(f). This is in contrast to  the 
In ( + )- A 1 2 4  - *24r2fc2 prior art which uses simple time-of-flight measurements 

to  evaluate ultrasound velocity. Such measurements are 
not able to characterize the frequency-dependence of 

Each of these equations may be used to the group-ve~ocity, nor are they able to determine at obtain the parameters set { A 2 9 A ~ , A ~ ,  @29@1}. what frequency their pseudo-ve~oc~ty estimates The expression for the phase Qo is not explicitly shown 25 
since it is not used in the calculation of the group- In contrast, the methods described here are specifically 

velocity. designed to determine the frequency-dependent group- 

evaluation of the specific-attenuation and velocity function according to well-characterized 

group-velocity functions is obtained through demodula- 
tion of the output signal s(t), T~ accomplish this, the 30 (4) Sophisticated analysis of the data, in contrast to 

signal s(t) can be passed a and a low- the prior art which relies largely on simplistic univariate 
pass filter to obtain the evaluation, s,,,(t): linear regression. In contrast, the processing described 

relies on neural network technology, which provides 
s ~ ~ , ~ ~ ) = ~ - ~ o ~ - A o ~ I I - T o ) ~  (20) multivariate nonlinear analysis to  determine the density, 

35 strength, and/or fracture risk of bone. This approach 
A peak detector would provide e-Oo (at t=ro)  and the also may be regularly updated and improved, as more 
identification of the time at which the maximum occurs data becomes available; 
gives T O. The time interval between the two half-peak (5) Capability to obtain in real time and with rela- 
amplitude points gives Ao2. tively simple and inexpensive analog-based technology 

The zeros of s(t) correspond to 40 the polynomial coefficients of the frequency-dependent 
specific attenuation, p(f), and the frequency-dependent 

noZ(1, - TO) -+ worn 4 = + nsr (21) group-velocity, vg(f); 
2 (6) Capabil~t y to  correct both the frequency -depend- 

ent specific-attenuation function, p(f), and frequency- 
where tn is the time at which the nth zero occurs. Then 45 dependent group~velocity function, vg(f), for the effects 
by identifying three times tl<tz<t3. corresponding to of soft tissue; 
three zeros of s(t), respectively, we can identify wo and (7) capability to assess the degree of variance of the 
Ro*: frequency-dependent group-velocity, vg(f), and the fre- 

quency-dependent specific-attenuation, p(f) In contrast 
(13 - 12)(1: T 12 - 270) - (12 - 11)(12 + - 27,)) 

00 = o (22)  50 to the prior art, which makes no attempt to  adapt to the 
(12 - l1)(13 - 12)(11 - 11) measurement conditions, this embodiment of the inven- 

(12 - 11) - (13 - 12) (23)  
tion adapts to  the data ensuring that high quality esti- 

no2 = , 
(12 - ll)(13 - [2)(13 - 1 1 )  

mates are obtained; 

55 (8) The nature of the apparatus as described here 

ne foregoing discussion for the variations and em- serves best the purposes of further experimentation and 

bodiments of FIG. 2 has proceeded largely on the basis exploration for better ultrasound bone data that can be 
that digital processing is preferred, contrast, the correlated for the indicated objectives. The embodi- 
discussion for the embodiment of FIG. 3 has proceeded ments of the invention as described above can explore a 
on the basis that analog processing is preferred. It will 60 wide range of experimental configurations. Their use is 
be understood, however that both respective embodi- expected to lead to the development of compact and 
merits and their variations can be implemented through efficient apparatus for obtaining the indicated objec- 
either digital or analog techniques. tives. For example, an analog implementation can easily 

It will be seen that the described invention meets all be constructed if economy and simplicity are the pri- 
stated objectives, with specific advantages that include 65 mary objectives. Other systems which rely on analog- 
but are not limited to the following: to-digital converters are more expensive, yet can be 

(1) Improved signal-to-noise ratio over the prior art, more flexible in terms of the type of processing which 
which uses pulse-type input signals. In contrast, a finite- can be performed. Either type of system can either be 



built as a stand-alone unit o r  as part of a PC-based sys- 
tem. 

What is claimed is: 
1. Apparatus for non-invasively and quantitatively 

evaluating the status of bone tissue in vivo, as mani- 5 
fested through one or more of the quantities: bone-min- 
era1 density, strength and fracture risk at a given time, 
said apparatus comprising: 

transducer means including a pair of ultrasonic trans- 
ducers adapted for acoustic coupling to nearby skin 10 
and for transmission through an ascertained path 
which includes a bony part of a living body, 

signal-generator means for connection to one of said 
transducers to  apply an excitation signal to  said 
bony part, said excitation signal being a finite-dura- l5  
tion signal consisting of plural frequencies that are 
spaced in the ultrasonic spectral region to approxi- 
mately 2 MHz, said excitation signal repeating 
substantially in the range 1 to  1003 Hz, 

signal-processing means connected for response to  20 

the signal received by the other of said transducers 
and including means operative sequentially for 
averaging a succession of signals to obtain an aver- 
aged per-pulse signal, said averaging being over a 
predetermined period of time exceeding substan- 25 

tially one millisecond, 
means for selectively using said transducers and said 

excitation signal via a medium of known acoustic 
properties and path length to thereby establish a 30 
reference signal. said selective use being indepen- 
dent of coupling to the living body, 

means for producing the Fourier transform of said 
reference signal, 

means for producing the Fourier transform of said 35 
averaged per-pulse signal, 

means for comparatively evaluating said Fourier 
transforms to produce a bone-transfer function, 

means for processing said bone-transfer function to 
derive the frequency-dependent specific-attenua- 40 
tion function p(f) and the frequency-dependent 
group-velocity function vdf) associated with said 
bone-transfer function. and 

means including a neural network connected for re- 
sponse to said specific-attenuation function p(f)  45 
and to said group-velocity function vkf), said neu- 
ral network being configured to generate an esti- 
mate of one or more of the said quantities. 

2. Apparatus for non-invasively and quantitatively 
evaluating the status of bone tissue in vivo, as mani- 50 
fested through one or more of the quantities: bone-min- 
era1 density, strength and fracture risk at a given time, 
said apparatus comprising: 

transducer means including a pair of ultrasonic trans- 
ducers adapted for acoustic coupling to nearby skin 55 
and for transmission through an ascertained path 
which includes a bony part of a living body, 

signal-generator means for connection to one of said 
transducers to apply an excitation signal to said 
bony part, said excitation signal being a finite-dura- 60 
tion signal consisting of plural frequencies that are 
spaced in the ultrasonic spectral region to approxi- 
mately 2 MHz, said excitation signal repeating 
substantially in the range 1 to 1OOO Hz, 

signal-processing means connected for response to 65 
the signal received by the other of said transducers 
and producing the Fourier transform of said re- 
ceived signal, 

means for selectively using said transducers and said 
excitation signal via a medium of known acoustic 
properties and path length to  thereby establish a 
reference signal, said selective use being indepen- 
dent of coupling to the living body, 

means for producing the Fourier transform of said 
reference signal, 

means for comparatively evaluating said Fourier 
transforms to produce a bone-transfer function, 

further means for processing said bone-transfer func- 
tion t o  derive the frequency-dependent specific- 
attenuation function p(f) and the frequency- 
dependent group-velocity function vg(f) associated 
with said bone-transfer function, said further means 
including means operative sequentially for each 
received signal for averaging a succession of specif- 
ic-attenuation functions p(f) to  obtain an averaged 
per-pulse specific-attenuation function p(f), said 
further means also including means operative se- 
quentially for each received pulse for averaging a 
succession of frequency-dependent group-velocity 
functions vdf) to  obtain an averaged per-pulse 
group-velocity function vg(f), said averaging being 
over a period of time exceeding substantially one 
millisecond, and 

means including a neural network connected for re- 
sponse to said averaged per-pulse specific-attenua- 
tion function p ( f )  and to said averaged per-pulse 
group-velocity function vdf), said neural network 
being configured to generate an estimate of one or  
more of the said quantities. 

3. Apparatus for non-invasively and quantitatively 
evaluating the status of bone tissue in vivo, as mani- 
fested through one or more of the quantities: bone-min- 
era1 density, strength, and fracture risk at a given time, 
said apparatus comprising: 

transducer means including a pair of ultrasonic trans- 
ducers adapted for acoustic coupling to nearby skin 
and for transmission through an ascertained path 
which includes a bony part of a living body, 

signal-generator means for connection to one of said 
transducers to apply an excitation signal to  said 
bony part, said excitation signal being a finite-dura- 
tion signal consisting of plural frequencies that are 
spaced in the ultrasonic spectral region to approxi- 
mately 2 MHz, said excitation signal repeating 
substantially in the range 1 to  1003 Hz, 

signal-processing means connected for response to 
the signal received by the other of said transducers 
and producing the Fourier transform of each said 
received signal, 

means for selectively using said transducers and said 
excitation signal via a medium of known acoustic 
properties and path length to thereby establish a 
reference signal, said selective use being indepen- 
dent of coupling to the living body, 

means for producing the Fourier transform of said 
reference signal, 

further means for comparatively evaluating said Fou- 
rier transforms to produce a bone-transfer function 
calculation for each said received signal, said fur- 
ther means including means operative sequentially 
for each received signal for averaging a succession 
of bone-transfer function calculations to obtain an 
averaged per-pulse bone-transfer function, said 
averaging being for a period of time exceeding 
substantially one millisecond, 



said further means including means for processing 6. Apparatus according to claim 4 or claim 1, wherein 
said averaged per-pulse bone-transfer function to said signal-processing means includes on-line operative 
derive the frequency-dependent specific-attenua- meansfor appraising the degree of variance of the cur- 
tion function p(f) and the frequency-dependent rently averaged received signal, said appraisal being for 
group-velocity function vdf) associated with said 5 the shorter one of two time values namely, (a) the time 
averaged per-pulse bone-transfer function, and required to achieve a predetermined minimum variance, 

means including a neural network connected for re- and (b) a predetermined maximum period of time. 
sponse to  said specific-attenuation function ~ ( f )  7. Apparatus according to claim 2, wherein said fur- 
and t o  said group-velocity function v@, said neu- ther means includes on-line operative means for apprais- 
ral network being configured to generate an =ti- 10 ing the degree of variance of the currently averaged 
mate of one or more of the said quantities. per-pulse specific-attenuation function p(f) associated 

4. Apparatus for non-invasiveiy and quantitatively with said bone-transfer function, said appraisal being for 
evaluating the status of bone tissue in vivo, as mani- the shorter one of two time values, namely, (a) the time 
f e t e d  through one or  more of the quantities: bone-min- required to  achieve a predetermined minimum variance, 
era1 density, strength and fracture risk at a given time, 15 and (b) a predetermined maximum period of time. 
said apparatus comprising: 8. Apparatus according to claim 2, wherein said fur- 

transducer means including a pair of ultrasonic trans- ther means includes on-line operative means for apprais- 
ducers adapted for acoustic coupling to nearby skin ing the degree of variance of the currently averaged 
and for transmission through an associated path ~ e r - ~ u l s e  g r o u ~ - v e l o c i t ~  function vdf) associated with 
which includes a bony part of a living body; 20 said bone transfer function, said appraisal being for the 

signal-generator means for connection to one of said shorter one of  two time values, namely, (a) the time 
transducers to apply an excitation to said required to achieve a predetermined minimum variance, 
bony part: said excitation signal being a finite-dura- and (b) a predetermined maximum period of time. 
tion composite sine-wave signal meeting the re- 9. Apparatus according to claim 2, wherein said fur- 
quirements of the following relationship: 25 ther means includes first on-line operative means for 

appraising the degree of variance of the currently aver- 

A' 
aged per-pulse specific-attenuation function p(f) associ- 

< I )  = ,I a,sin(~xfil + bi). o s r 2 T ated with said bone-transfer function, and wherein said 
1=0 further means also includes second on-line operative 

30 means for appraising the degree of variance of the cur- 
where and b~ are the amp1itude and phase$ re- rently averaged per-pulse group-velocity function vdf) 
spectively, associated with frequency f,, i =  1, . . . , associated with said bone-transfer function; said ap- 
Irr'9 and is t' be at least two times longer praisals being for the shorter one of two time values, 
than the period the lowest where namely, (a) the time required to achieve a predeter- 
sald composite sine-wave signal consists of plural 35 mined minimum variance for both of said appraisals, 
discrete frequencies that are spaced in the ultra- and (b) a predetermined maximum period of time. 
sonic spectral region to approximately 2 MHz; and 10. Apparatus according to claim 3, wherein said 
where the amplitudes a, are chosen according to further means includes on-line operative means for ap- 
the relationship: praising the degree of variance of the currently aver- 

40 aged bone-transfer function, said appraisal being for the 
exp(B/,) (2) shorter one of two time values, namely, (a) the time 

a c - 
IH~V;) required to  achieve a predetermined minimum variance, 

and (b) a predetermined maximum period of time. 
wherein B is the attenuation of an average bony 11. Apparatus according to any one of claims 1-4, 
member and IH,(fl)l is the magnitude transfer 45 wherein one of said transducers is adapted for trans- 
function of the overall ultrasound measurement mit/receive functioning, and wherein said signal-proc- 
system when a medium of negligible attenuation is essing means is adapted to evaluate the round-trip travel 
placed between the two transducers; time for a near-surface echo from the bone, whereby to 

signal-processing means connected for response to  generate a measurement of traversed soft-tissue thick- 
the signal received by the other of said transducers 50 ness, wherein said traversed soft-tissue thickness is used 
and including means operative sequentially for to correct said specific-attenuation and said group- 
each received signal for averaging a succession of velocity functions for the effects of the soft-tissue. 
signals to  obtain an averaged per-pulse signal, each 12. Apparatus according to any one of claims 1-4, 
averaging being over a predetermined minimum wherein said transducer means includes a separate fur- 
period of time exceeding substantially one millisec- 55 ther transducer adapted for transmitheceive function- 
ond, ing, and wherein said signal-processing means is 

means for selectively using said transducers and said adapted to evaluate the round-trip travel time for a 
excitation signal via a medium of known acoustic near-surface echo from the bone, whereby to generate a 
properties and path length to thereby establish a measurement of traversed soft-tissue thickness, wherein 
reference signal, said selective use being indepen- 60 said traversed soft-tissue thickness is used to correct 
dent of coupling to the living body. said specific-attenuation and said group-velocity func- 

means for separately storing said reference signal, and tions for the effects of the soft-tissue. 
means for comparatively evaluating said averaged 13. Apparatus according to any one of claims 1-4, 

per-pulse signal against said stored reference signal. wherein said transducer means includes two separate 
5. Apparatus according to any one of claims 1, 2 or 3, 65 transducers adapted for transmitheceive functioning 

in which said finite-duration signal is a composite sine- and spaced from each other for differently directed 
wave signal consisting of a plurality of discrete frequen- response aspects on the bony part, and wherein said 
cies. signal-processing means is adapted to evaluate the 



round-trip travel time for the respective near-surface 
echoes from the bone for each of said response aspects, 
whereby to generate measurement of traversed soft-tis- 
sue thickness for each of the respective response as- 
pects, wherein said traversed soft-tissue thickness is 5 
used to correct said specific-attenuation and said group- 
velocity functions for the effects of the soft-tissue. 

14. Apparatus according t o  any one of claims 1-4, 
wherein each of said transducers is adapted for trans- 
mitheceive functioning, and wherein said signal-proc- 10 
essing means is adapted to evaluate the round-trip travel 
time for a near-surface echo from the bone to one of said 
transducers, said signal-processing means being also 
adapted to evaluate the round-trip travel time for a 
near-surface echo from the bone to the other of said l5 
transducers, whereby to generate measurement of tra- 
versed soft-tissue thickness on opposite sides of the 
bone, wherein said traversed soft-tissue thickness is used 
to correct said specific-attenuation and said group- 
velocity functions for the effects of the soft-tissue. 20 

15. Apparatus according to any one of claims 1,2 and 
3, wherein each of said frequency-dependent functions, 
namely p(f) and vg(f), is processed in polynomial form 
involving a finite set of coefficients for each polyno- 
mial, and means for supplying polynomial coefficients 25 

as inputs to said neural network. 
16. Apparatus according to any one of claims 1,2 and 

3, wherein each of said frequency-dependent quantities, 

establish a reference signal, and separately storing 
the reference signal; 

(e) producing separate Fourier transforms of said 
reference signal and of said-bone-transmitted sig- 
nal, and comparatively evaluating said Fourier 
transforms to produce a bone-transfer function; 

( f )  processing the bone-transfer function to derive the 
frequency-dependent specific-attenuation function 
p(f) and the frequency-dependent group-velocity 
function vdf) associated with the bone-transfer 
function; and 

(g) configuring the neural network to generate from 
said frequency-dependent specific-attenuation 
function p(f) and from said frequency-dependent 
group-velocity function vdf) an estimate of one or 
more of said quantities. 

19. The method of non-invasively and quantitatively 
evaluating the status of bone tissue in vivo, as mani- 
fested through one or more of the quantities: bone-min- 
era1 density, strength and fracture risk, using a neural 
network and two ultrasonic transducers that are non- 
invasively adapted for acoustic coupling to nearby skin 
and for transmission through a bony part of a living 
body, which method comprises the steps of: 

(a) acoustically coupling said transducers to nearby 
skin on opposite sides of said bony part; 

(b) driving one of said transducers with a finite-dura- 
tion excitation signal consisting of plural frequen- 

namely p(f) and vdf), is processed in polynomial form 30 cies that are spaced in the ultrasonic spectral region * 

involving a finite set of coefficients for each polyno- to approximately 2 MHz, and repeating said excita- 
mial. and means for supplying polynomial coefficients tion signal at a rate in the range 1 to  1000 Hz, 
as inputs to said neural network, said polynomial coeffi- whereby the other transducer is acoustically sub- 
cients being for polynomial orders in the range 0 to 4. jected to said signal after transmission through the 

17. Apparatus according to any one of claim 4, 1, 2 35 bony member, thereby producing a bone-transmit- 
and 3, wherein said neural network is adapted to receive ted electrical-output signal for each excitation sig- 
further inputs selected from the group comprising: age. nal; 
sex, weight, height, bone-tissue thickness, overall tissue (c) sequentially processing each electrical output 
thickness, mental status, and bone-densitometric mea- signal to produce the Fourier transform thereof; 
surements. 40 (d) selectively using said transducers and said excita- 
18. The method of non-invasively and quantitatively tion signal via a medium of known acoustic proper- 

evaluating the status of bone tissue in vivo, as mani- ties and path length, said selective use being inde- 
fested through one or more of the quantities: bone-min- pendent of coupling to the living body, whereby to 
era1 density, strength and fracture risk, using a neural establish a reference signal, and separately produc- 
network and two ultrasonic transducers that are non- 45 ing and storing the Fourier transform of said refer- 
invasively adapted for acoustic coupling to nearby skin ence signal; - 
and for transmission through a bony part of a living (e) comparatively evaluating said Fourier transforms 
body, which method comprises the steps of: to produce a bone-transfer function; 

(a) acoustically coupling said transducers to nearby (f) processing the frequency-dependent specific- 
skin on opposite sides of said bony part; 50 attenuation p(f) and the frequency-dependent 

(b) driving one of said transducers with a finite-dura- group-velocity function vdf) associated with the 
tion excitation signal consisting of plural frequen- bone-transfer function; 
cies that are spaced in the ultrasonic spectral region (g) processing a succession of specific-attenuation 
to approximately 2 MHz, and repeating said excita- functions p(f) to obtain an averaged per-pulse spe- 
tion signal at a rate in the range 1 to 1000 Hz, 55 cific-attenuation function p(f), and processing a 
whereby the other transducer is acoustically sub- corresponding succession of frequency-dependent 
jected to said signal after transmission through said group-velocity functions vdf) to obtain an aver- 
bony part, thereby producing a bone-transmitted aged per-pulse group-velocity function vdf), said 
electrical-output signal for each excitation signal; averaging being over a period of time exceeding 

(c) sequentially processing each electrical-output 60 substantially one millisecond; and 
signal by averaging a succession of signals to obtain (h) configuring the neural network to generate from 
an averaged per-pulse signal, each averaging being said averaged per-pulse specific-attenuation func- 
over a predetermined period of time exceeding tion p(f) and from said averaged per-pulse group- 
substantially one millisecond; velocity function vg(f) an estimate of one or  more 

(d) selectively using said transducers and said excita- 65 of said quantities. 
tion signal via a medium of known acoustic proper- 20. The method of claim 18 or claim 19, in which said 
ties and path length, said selective use being inde- excitation signal is a composite sine-wave signal consist- 
pendent of coupling to the living body, whereby to ing of a plurality of discrete frequencies. 



21. Apparatus for non-invasively and quantitatively 26. Apparatus according to claim 21, wherein said 
evaluating the status of bone tissue in vivo, as mani- excitation signal being configured to produce a Gauss- 
fested through one or  more of the quantities: bone min- ian amplitude modulated sinusoidal waveform consist- 
era1 density, strength and fracture risk at a given time, ing of a sequentially applied set of multiple frequencies 
said apparatus comprising: 5 in the ultrasonic frequency range up to 2 MHz, said 

transducer means including a pair of ultrasonic trans- excitation signal repeating substantially in the range 1 to  
ducers adapted for acoustic coupling to nearby skin 100 Hz. 
and for transmission through an ascertained path 27. Apparatus according to claim 21, wherein said 
which includes a bony part of a living body, coefficients of the frequency-dependent specific- 

signal-generator means for connection to one of said 10 attenuation function are constrained by p2=0. 
transducers to  apply an excitation signal to said 28. Apparatus according to claim 21, wherein said 

bony pan, excitation signal being configured coefficients of the bone-transfer function phase are con- 
t o  produce a Gaussian amplitude modulated sinu- strained as @2=O. 

soidal waveform in the ultrasonic spectra] region to 29. Apparatus according to claim 21, wherein both 

approximately 2 M H ~ ,  excitation signal repeat- 15 the said coefficients of the specific-attenuation function 

ing substantially in the range 1 to  1000 Hz, polynomial, and the said coefficients of the bone-trans- 

signal processing means connected for response to fer function phase are constrained as pz=O and @2=0. 

the signal received by the other of said transducers, 30. Apparatus according 21p wherein said 

and including means for demodulating said signal, demodulation and derivation of the polynomial coeffici- 

means for extracting the set of demodulated 20 ents ~ ( f )  and group function, ~ d f ) ,  are car- 

parameters, including means for averaging a suc- ried out in real time. 

cession of said signal parameters to obtain an aver- 31. The method of non-invasively and quantitatively 
evaluating the status of bone tissue in vivo, as mani- aged per-pulse signal parameter set, fested through one or  more of the quantities: bone-min- means for selectively using said transducers and said 

25 era1 density, strength and fracture risk, using a neural excitation signal via a medium of known acoustic network and two ultrasonic transducers that are non- 
properties and path length thereby a invasively adapted for acoustic coupling to nearby skin 
reference signal, said selective use being indepen- and for transmission through a bony pan of a living 
dent of coupling to the living body, body. which method comprises the steps of: 

means for demodulating said reference signal, includ- 30 (a) acoustically coupling said transducers to nearby 
ing means for extracting the set of demodulated skin on opposite sides of said bony part; 
reference signal parameters, (b) driving one of said transducers with an excitation 

means for deriving from the demodulated signal pa- signal consisting of frequencies that are spaced in 
rameter set and the demodulated reference signal the ultrasonic spectral region to approximately 2 
parameter set the polynomial coefficients of the 35 M H ~ ,  and repeating said excitation signal at a rate 
frequency-dependent specific-attenuation function. in the range 1 to 1000 Hz, whereby the other trans- 
p(f). and the polynomial coefficients of the bone- ducer is acoustically subjected t o  said signal after 
transfer function phase, cP (f), transmission through a bony member, thereby pro- 

means for deriving from the bone transfer function ducing a bone-transmitted electrical-output signal 
phase* @ ( 0 3  the frequency-de~endent group- 40 for each excitation signal, said excitation signal 
velocity, vg(f), being configured such that said bone-transmitted 

means including a neural network connected for re- signal possesses a Gaussian envelope; 
sponse to said finite set of polynomial coefficients (c) sequentially demodulating each electrical-output 
for p(f) and group velocity function, said neural signal to produce a set of demodulated bone-trans- 
network being configured to generate an estimate 45 rnitted signal parameters; 
of one or  more of the said quantities. (d) selectively using said transducers and said excita- 

22. Apparatus according to claim 21, wherein said tion signal via a medium of known acoustic proper- 
excitation being configured to produce a sinusoidally ties and path length, said selective use being inde- 
amplitude modulated sinusoidal waveform in the ultra- pendent of coupling to the living body whereby to 
sonic spectral region up to 2 MHz, said excitation signal 50 establish a reference signal, and separately demod- 
repeating substantially in the range 1 to  1000 Hz. ulating and storing the demodulated reference sig- 
23. Apparatus according to claim 21, wherein said nal parameter set; 

excitation being configured to produce a sinusoidally (e) processing the demodulated bone-transmitted 
frequency modulated sinusoidal waveform in the ultra- signal parameters and demodulated reference-sig- 
sonic spectral region up to 2 MHz, said excitation signal 55 na) parameters to produce the frequency-depend- 
repeating substantially in the range 1 to  1000 Hz. ent specific-attenuation function, p(f), and frequen- 

24. Apparatus according to claim 21, wherein said cy-dependent group-velocity function, vdf); 
excitation being configured to produce a sinusoidally (f) processing a succession of specific-attenuation 
amplitude modulated and sinusoidally frequency modu- functions p(f) to  obtain an averaged per-pulse spe- 
lated sinusoidal waveform in the ultrasonic spectral 60 cific-attenuation function p(f), and processing a 
region up to 2 MHz, said excitation signal repeating corresponding succession of frequency-dependent 
substantially in the range 1 to 1000 Hz. group-velocity functions vg(f) to obtain an aver- 
25. Apparatus according to claim 21, wherein said aged per-pulse group-velocity function vg(f), said 

excitation signal being configured to produce a super- averaging being over a period of time exceeding 
position of Gaussian amplitude modulated sinusoidal 65 substantially one millisecond; and 
waveforms containing multiple frequencies in the ultra- (g) configuring the neural network to generate from 
sonic frequency range up to 2 MHz, said excitation said averaged per-pulse specific-attenuation func- 
signal repeating substantially in the range 1 to 1000 Hz. tion p(f) and from said averaged per-pulse group- 
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velocity function vg(f) an estimate of one or more rate in the range 1 to 1000 HZ; and where the amplitudes 
of the said quantities. a; are chosen according to the relationship: 

32. The method of non-invasively and quantitatively 
evaluating the status of bone tissue in vivo, as mani- ai a - exp(Bji) (2) 

5 
fested through one or more of the quantities: bone-min- I H a )  l 

era1 density, strength and fracture risk, using two ultra- wherein B is the attenuation of an average bony mem- 
sonic transducers that are non-invasively adapted for ber and IHXfi)l is the magnitude transfer function of 
acoustic coupling to nearby skin and for transmission the overall ultrasound measurement system when a 
through a bony Part of a living body, which method lo medium of negligible attenuation is placed between the 
comprises the steps of: two transducers; whereby the other transducer is acous- 

(a) acoustically coupling said transducers to nearby tically subjected to said signal after transmission 
skin on opposite sides of said bony part; through said bony part, thereby producing a bone-trans- 

(b) driving one of said transducers with a finite-dura- mitted electrical-output signal for each excitation sig- 

tion composite sine-wave excitation signal meeting ' 5  nal; 
(c) sequentially processing each electrical-output 

the requirements of the following relationship: signal by averaging a succession of signals to obtain 
an averaged per-pulse signal, each averaging being 

A' over a predetermined minimum period of time 
V(t) = .I a,sin(2?r/it + hi). 0 S t 2 T 

I=O ( I )  20 exceeding substantially one millisecond; 
(d) selectively using said transducers and said excita- 

where a; and 4; are the amplitude and phase, respec- tion signal via a medium of known acoustic proper- 

tively, associated with frequency f;, i= 1, . . . , N, and T ties and path length, said selective use being inde- 
pendent of coupling to the living body, whereby to is chosen to be at least two times longer than the period 25 establish a reference signal; 

of the lowest frequency fi, where said composite sine- (,) separately storing the reference signal; and 
wave signal consists of plural discrete frequencies that (f) comparatively evaluating the averaged per-pulse 
are spaced in the ultrasonic spectral region to approxi- signal against the stored reference signal. 
mately 2 MHz and repeating said excitation signal at a * * * * * 
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