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(57) ABSTRACT 

An apparatus and method for the assessment of various prop- 
erties ofbone is provided. Apair ofultrasound transducers are 
applied to skin on opposite sides of a bony member. The 
transducers may be single-element or array transducers. An 
ultrasound signal is generated and directed through the bony 
member to obtain a bone output signal. A set of parameters 
associated with the bone output signal is established and 
processed to obtain the desired bone property including two 
net time delay (NTD) parameters indicative of differences in 
transit time for signals taking different paths through bone 
and soft tissue. Also disclosed is a novel means for acousti- 
cally coupling the transducers to skin, as well as a means for 
establishing bone mineralization through use of both ultra- 
sound and x-ray measurements. 

20 Claims, 6 Drawing Sheets 
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ULTRASONIC BONE ASSESSMENT bone is compared, with the assumption that the frequency1 
APPARATUS AND METHOD attenuation relation is a straight line, i.e., of constant slope. 

U.S. Pat. No. 4,926,870 granted to Brandenburger dis- 
RELATED U.S. APPLICATION closes another in vivo bone analysis system which depends 

5 upon measuring transit time for an ultrasonic signal along a 
This application claims priority to Provisional Application desired path through bone. A "canonical" waveform, deter- 

No. 601900,599, filed Feb. 9, 2007, the entire disclosure of mined by previous experience to be on the correct path, is 
which is incorporated herein by reference, and claims priority used for comparison against received signals for transmission 
to Provisional Application N ~ .  60/907,000, filed Mar. 14, through the patient's bone, while the latter is reoriented until 
2007, the entire disclosure of which is incorporatedherein by 10 the received signal indicates that the bone is aligned with the 
reference. desired path. Again, ultrasonic velocity through the patient's 

bone is assumed to have been determined from measured 
FIELD OF THE INVENTION transit time. 

Rossman et al. disclose in U.S. Pat. No. 5,054,490 an 
The present invention relates generally to apparatus and 15 ultrasound densitometer for measuring physical properties 

method for non-invasively evaluating bone and of bone, 'POn determination of a transit time 
tissue in viva. More specifically, the invention pertains to through bone. Alternatively, the Rossman et al. device com- 

osteoporosis diagnosis and bone frackre risk assessment pares 
using multiple ultrasonic features in a ultrasonic dtrasound through the bone with the 
device. 20 attenuation of the same frequency components through a 

medium of known acoustic properties. 

BACKGROUND OF THE INVENTION Mele et al., disclose in Gs .  Pat. No. 5,564,423, and in a 
subsequent related patent by Cadossi et al. (US. Pat. No. 
6,436,042), disclose a device that measures the "amplitude 

In recent years, ultrasound has received a great deal of 
25 dependent speed of sound" through a bony member in a living 

attention as a new technique for noninvasive assessment of body. The method relies on the visual display of the received 
bone, and numerous attempts have been made to use ultra- ultrasound signal, and the selection of a specific portion of the 
sound energy for evaluating the condition of bone tissue in waveform for analysis. 
vivo, and thus for determining a measure of osteoporosis and The prior art, exemplified by the above references that have 
assessing bone fracture risk. 

30 been briefly discussed, proceed on the assumptions that tran- 
In ~articular, Hoop discloses in U.S. Pat. No. 3,847,141 a sit time and velocity-as well as the assumed linear slope of 

device to measure bone density as a means for monitoring attenuation as a function of a set of discrete frequencies-are 
calcium content of the involved bone. A pair of opposed all-important in assessing bone. These approaches have 
ultrasonic transducers is applied to opposite sides of a sub- essentially been ad hot, with no consistent framework within 
ject's finger, such that recurrent pulses transmitted via one 35 which to analyze data. Despite the fact that a rich variety of 
transducer are "focused" on the bone, while the receiver information is obtainable from experiments with ultrasound 
response of the other transducer is similarly "focused" to (including computer simulations as well as in vitro and in 
receive pulses that have been transmitted through the bone. .iv0 experiments) and that a variety of analytic results are 
The in is arranged such that available as well, much of the information has not been used 
of one pulse triggers the next pulse transmission; the filtering 40 and available, and useful aspects of the data have been 
is by way of a bandpass filter, passing components ofreceived ignored, 
signals in the 25 kHz to 125 kHz range only; and the observed significant steps fornard in this direction have been made 
frequency of retriggering isbelievedtobe~ro~ortionalto the by Kaufmanet a]. (inU.S. Pat. Nos. 5,259,384 and 5,651,363) 

the Thus is and by Chiabrera et al. (in U.S. Pat. Nos. 5,785,656 and 
with what he defines to be time for pulses in the 45 5,879,301). In these patents, an estimate of a "bone transfer 
indicated band. function" associated with a given bone is obtained in a statis- 

Pratt, Jr. deals with establishing, in viva, the strength of tically optimal fashion, and parametric estimates ofthe phase 
bone in a live being such as a horse. In U.S. Pat. No. 4,361, and attenuation functions associated with it are determined. 
154, the inventor solves the problem posed by measuring The disclosed methods also describe the use of 2D array 
transit time from "launch" to "reception" of pulses of 0.5 50 transducers for obtaining more reproducible estimates of the 
MHz and 1.0 MHz through the bone and soft tissue, and from bone density, architeckre, fracture risk, 
measurement of pulse-echo time, to thereby derive a mea- Notwithstanding the advances made in the last-mentioned 
surement of transit time through bone alone. A data bank apparatuses and methods, there are still additional improve- 
enables the evaluation of the bone condition from the mea- ments needed in order to accurately and precisely assess the 
w e d  transit times. U.S. Pat. No. 4,9 13,157, also granted to 55 bone density, architecture, quality and fracture risk of a sub- 
Pratt, Jr., operates on the same general principle of transit ject. While ultrasound is said to having great potential to 
time/velocity deduction, using the latter preferred frequency assess the biomechanical strength of bone-since it is a 
of 2.25 MHz as the base frequency of pulsed ''launchings" mechanical wave in contrast to the ionizing radiation of stan- 
and a technique of matched filteringlFourier transform filter- dard x-ray densitometers-until now much of this potential is 
ing for further analyzing received pulses. 60 unrealized. 

Palmer et al. disclose in U.S. Pat. No. 4,774,959 a bone 
measurement system deriving the slope of the relation SUMMARY OF THE INVENTION 
between ultrasonic frequency and attenuation of a sequence 
of tone signals. Being in the range of 200 kHz to 600 kHz, the It is accordingly a primary object of this invention to pro- 
signals are applied to one transducer and received by another 65 vide an improved method and apparatus for characterizing 
transducer. The passage of the signals between the two trans- and determining non-invasively the properties of bone. A 
ducers with and without the intervening presence of a heel more particular though not limiting object of the invention is 
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to provide a method and apparatus for non-invasive and quan- In its presently preferred apparatus form, the invention 
titative evaluation of bone tissue in vivo, to make accurate comprises transducer means including a pair of ultrasonic 
osteoporosis diagnosis and monitoring possible. transducers adapted for acoustic coupling to nearby skin sur- 

Another object is to meet the above object in such a way faces on opposite sides of a bony member; and for transmis- 
that the bone tissue evaluation and the osteoporosis diagnosis 5 sion through an ascertained acoustic propagation path which 
may be performed with relatively more simple and efficient includes a bony part of a living body; a generator means for 
means than those previously used. connecting to a transmission transducer ofthe pair to generate 

A further object is to meet the above objects by providing an ultrasound waveform, this waveform being a finite-dura- 
more accurate and precise estimates of bone mass, bone den- tion signal consisting of plural frequencies spaced in the 
sity, bone geometry, bone quality, and bone strength, as com- 10 ultrasonic spectral region to approximately 10 MHz and 
pared with means disclosed previously. being repeated substantially in the range from 1 Hz to 5000 

A still further object is to meet the above objects by pro- HZ; and a signal-processing llleans that are ~ ~ n n e c t e d  for 

viding methods to obtain new ultrasound parameters which response to the signal received by a receiving transducer of 

are sensitive to both bone mass, bone geometry, and bone the pair and means provide analOg-tO-digital 

strength. 15 sampling and signal processing of the bone-oriented output 
A yet still further object is to provide an ability to produce parameters and 

estimate the fracture risk associated with a given living being. for performing further of the parameters 
resulting in estimates of bone properties. 

As compared with the prior art, the invention incorporates In the presently preferred embodiment of the invention, 
information from the ultrasound measurements that is crucial 

20 and with additional reference to FIG. 8, an apparatus consist- 
to achieving the indicated objectives. In particular, the present ing of two transducers, a rectangular source transducer 
invention is based on using neither only a time delay nor only and a rectangular array receiver transducer 102 are placed 
a velocity, but a unique combination of a set of three time around a bony member, such as a forearm 104, of a living 
delays, that is superior to the approaches disclosed in the prior and adapted for acoustic coupling to the overlying 
art. Further, these prior approaches neither appropriately nor 

25 skin. In the presently preferred embodiment of the invention, 
adequately characterize the bone being assessed, and there- the forearm 104 is measured and contains an ulna 106 and a 
fore cannot meet the objectives of the present invention. radius 108. An ultrasound signal is generated and sent from 

Accordingly, the present invention utilizes a new process- the sowce transducer 100, through the forearm 104 and to the 
ing to capture much more the receiving transducer 102 where it is measured andprocessed. 

measurements, and precisely 30 The array receiver is used to obtain a set of bony member 
determine the characteristics of the interrogated bone-to output signals, ~~~h signal in the set ofbony member output 

determine One Or the properties such as signals is associatedwithan element ofthe receiver array. The 
fracture risk, strength, density, mass, quality, andor geometry processing consists of a specialized computation, which is 
ofthe The advantage such an is its inherent designed to estimate a set of three (3) time delays associated 
and increased sensitivity to the underlying state of the inter- 35 with the set of bony member output signals received by the 
rogated bone. This is in contrast to the prior art which cannot a,y transducer 102 that have propagated through the bony 
extract as much On the since member. In the presently preferred embodiment of the inven- 
they do not utilize optimal and model-based processing. tion, the three delays are (i) the time delay, T,, associated with 

The invention in its presently preferred form of a method of a of the transmitted wave which propa- 
non-invasive and quantitative assessment of the status of a 40 gates through a soft-tissue on]y of the bony member 
bone tissue in vivo for one or more of the quantities: bone- (in the presently preferred embodiment of the invention this 
mineral density, bone mass, geometry, strength, quality, and corresponds to the soft-tissue only portion in the space 
fracture risk, achieves the foregoing objectives by acousti- between the radius 108 and ulna 106 in the foream 104 and 
cally coupling a pair of transducers to nearby skin surfaces on is termed the "water-wave" or "WW); (ii) the time delay, T,, 

opposite sides of a bony member; generating an u ~ t ~ ~ ~ u n d  45 associated with a portion of the transmitted ultrasound wave 
signal and directing this signal from one transducer to another which propagates through the overlying soft tissue, through a 
transducer of the pair of ti-ansducers through the bony mem- cortex of the bone within the bony member, into the medul- 
her, thereby producing a b~ne-oriented output signal, the lary cavity 110 within the bone, then into the cortex on the 
ultrasound signal being a finite-duration signal repeated sub- opposite side of the bone, out into the soft tissue on the 
stantially in arange from 1 to 5000 Hz and consisting of plural 50 receiver side of the bony member, and finally to the receiver, 
frequencies spaced inanultrasonic spectral regionup to about and is termed the "direct-wave" or "DW;  and (iii) the time 
10 MHz; processing the h~ne-oriented output signal to obtain delay, T,, associated with a portion of the transmitted ultra- 
at least two (2) net time delay (NTD) Parameters, and further sound wave which propagates through the overlying soft 
processing the at least two NTD parameters to obtain an tissue, into and within the cortex of the bone within the bony 
estimate of the one or more said quantities. 55 member until it emerges out of the cortex on the opposite side 

The step of further processing may be performed with the from which it entered (that is, this portion of the ultrasound 
use of one or more of a plurality of associated parameters: wave never enters the medullary cavity 110), and then into the 
age, sex, fracture history, bone mineral density as measured soft tissue on the receiver side of the bony member and finally 
by x-ray absorptiometry at a given anatomical site, cigarette to the receiver, and is termed the "circumferential wave" or 
smoking history, height, and weight that is specific to an 60 "CW.  These three time delays (i.e., the time ofarrival of each 
individual subject. The step of further processing may be component of the received ultrasound signal) are computed, 
performed with the use of multivariate linear and nonlinear in the presently preferred embodiment and with additional 
regressions, a statistical hypothesis testing algorithm, and reference to FIG. 9, by locating the peak of the second cycle 
may include a neural network configured to generate an esti- of each component (i.e., the WW, CW, DW components) 
mate of the one or more of the quantities from the parameters 65 arriving at the receiver. As may be seen in FIG. 9, a signal 
and from the associated parameters specific for an individual from receiver element number 112 from the array transducer 
patient. 102 is shown with the CW, DW and WW components indi- 



cated and the arrow pointing to the time of arrival of each mass, geometry, strength, andor fracture risk. In other cases, 
component. In this particular data measurement, element it may be preferred to use other nonlinear (or even linear) 
number 112 is located approximately directly behind the combinations of two net time delays or of the three time 
radius 108. In this presently preferred embodiment of the delays. 
invention, the time delay of the WW is determined by ma- 5 An apparatus for the preceding embodiments is shown in 
lyzing waveforms from a set of receiver elements which are FIG. 1. With these and other objects and advantages in view, 
located between theulna 106 and radius 108, i.e., located over the present invention will be clearly understood from the 
a soft tissue only portion of the forearm 104. A waveform ensuing detailed description in connection with the drawings. 
received by such an element (number 114) is shown in FIG. 
10. As may be seen, there are no detectable CW or DW 10 BRIEF DESCRIPTION OF THE DRAWINGS 
components. In the presently preferred embodiment of the 
invention, three sets of receiver elements and associated FIG. 1 is a block diagram showing the interconnections of 
waveforms are used to produce estimates of T,, T, and T,, components of an apparatus of the invention. 
respectively. The time delay estimates are obtained by aver- FIG. 2 is a graphical description of a part of the signal 
aging the estimates of the individual time delays associated 15 processing utilized in a presently preferred embodiment of 
with each set of elements. It should be appreciated that the the invention. 
signals associated with a set of receiver elements will gener- FIG. 3 is a block diagram of an alternative embodiment of 
ally produce different time delay estimates due to noise and the invention. 
other variations. Therefore, in the presently preferred FIG. 4 is a drawing of another embodiment of the inven- 
embodiment of the invention, a weighted average is used to 20 tion. 
obtain time delay estimates associated with the three propa- FIG. 5 is a schematic diagram of the interconnected elec- 
gation pathways described supra, with the weighting based on tronic components for the embodiment of FIG. 4. 
the amplitude of the received signal component. It should also FIG. 6 is a printed circuit board schematic of the pulser and 
be understood that the time delay of a received signal com- power components for the embodiment of FIG. 4 and FIG. 5 .  
ponent is the time that it takes for that signal component to 25 FIG. 7 is a diagram of an alternative anb~diment of the 
travel through the bony member, and may be computed by invention. 
any of the variety of well-known methods (e.g., locating a FIG. 8 is a graphical description showing wave propaga- 
specific reference point on a received waveform). tion pathways in a presently preferred embodiment of the 

In the presently preferred embodiment ofthe invention, the invention. 
three time delays are then further processed to obtain a set of 30 FIG. 9 is a plot of a waveform from a receiver element that 
two net time delay (NTD) parameters, NTD, and NTD,. The shows three components of the ultrasound waveform. 
NTD parameters are differences between the three time FIG. 10 is a plot of a waveform from a receiver element that 
delays described supra. In particular, NTD,-c,-T, and shows a soft-tissue only or water-wave component of the 
NTDb-c,-T,. In the presently preferred embodiment of the ultrasound waveform. 
invention, the NTD, and NTD, are further processed to accu- 35 

rately and precisely determine the characteristics of the inter- DETAILED DESCRIPTION OF THE PREFERRED 
rogated bone-to thereby determine one or more of the bone EMBODIMENT 
properties such as bone mass, bone density, cortical thick- 
ness, cross-sectional area, medullar thickness, strength, qual- The invention is shown in FIG. 1 as applied to intercon- 
ity, andor fracture risk of the bone. It should be appreciated 40 nected components for constructing an apparatus for practic- 
that other pairs of net time delays could be defined from the ing a method of the invention. Specifically, it is intended for 
set of three time delays defined supra; however these are in non-invasively and quantitatively evaluating the status of 
fact all equivalent (that is, any set of two net time delays are bone tissue in vivo, as manifested through one or more of the 
equivalent to any other set containing two net time delays quantities: bone-mineral density, bone mass, bone geometry, 
derived from the three time delays), and thus any two net time 45 cortical thickness, cross-sectional area, medullar thickness, 
delays are considered to be within the scope of the present quality, strength, and fracture risk at a given time. The com- 
invention. ponents of the apparatus are, in general, commercially avail- 

In the presently preferred embodiment ofthe invention, the able from different sources and will be identified before or in 
bone mineral density (BMD) of the bone in the bony member the course of the detailed description of their total operation. 
is evaluated according to a regression between BMD on the 50 Referring to FIG. 1, a bone 10 to be analyzed in vivo is 
one hand, and NTD, and NTD, on the other. This regression shown surrounded by a soft tissue 12 having an outer skin 
is given by BMD=a NTD;NTD,+b NTD;NTD,+c, where a, surface (skin integument) 14. The bone 10 is to be interposed 
b and c are regression coefficients obtained by the method of between two aligned and opposed ultrasonic transducers 16 
least squares. It should be understood that a similar equation and 18, which may be identically the same, and can be 
can be used to estimate the cross-sectional area, but with 55 obtained from Panametrics, Inc., Waltham, Mass.; suitably, 
different regression coefficients. In addition, an estimate of each of the transducers 16, 18 may be Panametrics VID- 
cortical thickness (CT) may be estimated by CT=e NTD,+f, EOSCAN part number V318-SU, having a nominal element 
where e and f are regression coefficients obtained by the sizeof%-inchdiameter, andratedfor500kHz.A~ shown, the 
method of least squares. It should further be appreciated that transducer 16 is used for signal launching and the transducer 
the size ofthe medullar canal (medullar thickness or MT) may 60 18 is the receiver for the launched signals after passing 
be estimated by MT=g NTDb+h, where g and h are regression through the bone 10, its surrounding soft tissue 12, and a 
coefficients obtained by the method of least squares. It should coupling medium such as a gel (not shown) between each 
be appreciated that any kind of processing of either the set of transducer face and the outer skin surface 14 of the soft tissue 
three time delays or a set of two associated net time delays 12. Not shown but understood to be a part of the embodiment 
should be considered to be within the scope of the present 65 of the invention is a sensor that is used to measure precisely 
invention. For example, it may be useful in certain embodi- and accurately the distance, d, of separation of the transduc- 
ments to use a ratio of two net time delays in estimating bone ers, and it is further to be understood that this information 
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(i.e., d) is to be made available to the processing means as fully in U.S. Pat. Nos. 5,259,384, 5,651,363, 5,785,656, and 
described in the following paragraphs. 5,879,301 and which are all incorporated by reference here- 

Basic operation is governed by a computer means 20, into. 
whichmay be apersonal computer, suchas the Dell Precision In this embodiment, as may be understood the two trans- 
Workstation 670 available fromDel1, Inc., RoundRock, Tex.; 5 ducers consist of a first transducer and a second transducer 
this computer contains an Intel Xeon Processor ruMing at acoustically coupled to nearby +in on opposite sides of a 
3.60 GHz, with provision for keyboard instruction at 22. 

bony member (i.e., bone tissue surrounded by overlying soft 
An arbitrary-function generator card 24 is shown installed 

in the computer 20. This card is relied upon to generate an tissue). The arbitrary-function generator card 24 and power 

excitation signal which is periodically suppliedto the launch 10 
26 are used produce an 

transducer 16, via a power amplifier means 26. The power which is applied to the first transducer. This causes an ultra- 

amplifier 26 is suitably the ~ ~ d ~ l  N ~ ,  2 4 0 ~ ,  an RF power- sound signal to be generated and directed from the first trans- 

amplifier product of EIN, Inc., Rochester, N.Y. This amplifier ducer the transducer through the tissue 
provides a 50 d~ gain, over the range 20 mz to 10 MHZ, In obtain a bone-oriented output (received) signal. The bone- 
addition to power amplifier means 26, the excitation signal 15 oriented output signal is then digitizedusing theND card 28 
must pass through a switching network ~7~ in an alternative and processed to obtain an estimate of at least one of param- 
embodiment using multi-element, linear- or two-dimensional eter net time delay and parameter mean time duration. The net 
array transducers, described fully infra. time delay (NTD) and mean time duration (MTD) parameters 

The excitation signal generated by the card 24 is a finite- are defined through use of a set of signal moments MO, MI, 
duration pulse that is repeated substantially in the range from 20 and M2. It should be understood that these moments are 
1 to 5000 Hz. The card 24 may suitably be a waveform computed over the first half cycle of the signal. The first half 
synthesizer, a product of PC Instruments, Inc., Lawrence, cycle is identified automatically according to an algorithm 
Kans., identified by PC Instruments part No. PCI-341. The (program) stored within the computer means 20. The algo- 
waveform synthesizer provides generation of analog signals rithm first computes noise statistics, i.e., the mean (p,) and 
independent ofthe host computer 20, that allows full proces- 25 standard deviation (a,) of the noise-only portion of the 
sor power to be used for other tasks, including calculation of received bone-oriented output signal, using standard statisti- 
waveform data. cal techniques (see for example the book Statistics Manual by 

Another card 28 is showninstalledinto the computer 20 for Crow, Davis and Maxfield, published by Dover Publications, 
converting signals receivedat the receiving transducer 18 into Inc., New York, in 1960, and which is incorporated by refer- 
a digital format for further processing in the computer 20. The 30 ence hereinto); this noise-only portion occurs at the earliest 
card 28 may suitably be a 200 MHz 14 bit waveform digitizer, times of the received signal, that is before the ultrasound 
a part knownas Compuscope 14200, aproduct available from signal propagating through the bony member has reached the 
Gage Applied Technologies, Inc., of Montreal, Quebec, receiving (second) transducer. Once the noise statistics are 
Canada. evaluated, the initial time point, t,, ofthe first half cycle ofthe 

As with the launch transducer 16, in an alternative embodi- 35 bone-oriented output signal is identified. With additional ref- 
ment described more fully infra, where receiving transducer erence to FIG. 2, the identification of initial time point, ti, is 
18 is a multi-element, linear or two-dimensional array trans- obtained by searching for a first set (that is the earliest in time 
ducer, a switching network 27b must be placed between the of occurrence of said set) of three consecutive signal values, 
receiving transducer 18 and the card 28 of computer 20. s,, s,, and s,, associated with times t,, t,, and t,, respectively, 

Also, general signal-processingidisplaylstorage software, 40 such that s,-pn>2.a,>8.a,, and s,-p,, s,-p,>l 6.0,. It should 
for the signal processing control and operation of the com- be understood that ti is chosen as one sampling interval less 
puter 20 is not shown but will be understood to be loaded at than t,. Next the final time point t of the first half cycle is : p 
CD drive 34 into the computer 20; this software is suitably identified. This is done by searchng the values of the output 
MATLAB for Windows, available from The Math Works, signal (from which the mean, p,, has been subtracted) from 
Inc., Natick, Mass. Further software, also not shown but 45 smaller times to greater times (starting at time t,) for the first 
loaded into the computer 20, are the Neural Network and occurrence of a change in sign, that is the identification oftwo 
Optimization Toolboxes, also from The Math Works as well adjacent signal values of opposite sign. The final time point, 
as software (drivers) for interfacing the cards in the computer, tf, is evaluated by linear interpolation of the two adjacent 
available from Gage Applied Technologies and PC Instru- signal values; $is the value at which the linear interpolation 
ments. In addition, a Visual C t t  compiler, preferably one 50 (i.e., the straight line between the two adjacent signal points) 
available from Microsoft Corporation (Redmond, Wash.) is is zero (again, with additional reference to FIG. 2). Following 
also understood to be loaded into the computer 20. the identification of the times t,, tf, the moments are then 

In the presently preferred embodiment, involving the evaluated. The moments are defined as the integral of the 
described components of FIG. 1, the same components are product of the signal squared with r, where t is time and n=O, 
utilized not only for performing the continuously updated 55 1, 2, corresponding to MO, MI, and M2, respectively. Note 
averaging of the latest succession of signals received at the that the integration is from t, to tf, where t, is the start ofthe first 
receiving transducer 18 after they have passed through a bone half cycle and tfis the end of the first half cycle of the received 
member 10-12-14, but also for establishing and entering into bone-oriented signal. The time delay, T,, ofthe received bone- 
computer storage the data of a reference signal that is oriented signal is evaluated according to -c,=MlIMO, and the 
obtained by removing the body member 10-12-14 from the 60 time delay of the soft tissue only signal, T,, is evaluated 
space between the transducers 16,18 and replacing it with a according to ~ ~ = d l V s ,  where d is the separation of the trans- 
medium with known acoustic properties, such as water, and ducers (which is also assumed equal to the thickness of the 
known path length. This latter signal is useful for calibrating bony member since the transducers are in contact-through a 
a device so that, e.g., different devices produce the same NTD thin layer of ultrasound coupling gel-with the skin), andVs 
and MTD values when measuring the same object (either a 65 is the apparent velocity of ultrasound within the soft tissue. 
calibration object or a bony member). It may also be used in Therefore, the NTD=d/Vs-MlIMO. The MTD is evaluated 
the computation of a "bone transfer function," as described according to MTD=M21MO-{M11M0}2. 
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In the presently preferredembodiment ofthe invention, the the time for propagation through the pure soft tissue layer. 
bone mineral density (BMD) ofthe bone in the bony member The expression can then be written, using -cbl=dbl/vbl, and 
is evaluated with further processing according to a linear ~~,=d,,/v,,, where v,, and v,, are the speed of propagation of 
regression beh~een NTD and BMD, i.e., BMD=a.NTD+b. ultrasound through bone and soft tissue, respectively, as 
The values a and b in the linear regression are evaluated by a 5 dv -T =d (v -v .v ) In this expression, d is the sl b b l  b l  sl b l  sl ' b l  
method of least squares, and using independently mwxu-ed pai-meter of interest, namely (directly proportional to) the 

BMD; in the presently preferred the total bone mass or bone-mineral density (BMD) of the bony 
independent measure of BMD is obtainedwith a dual energy member and the other namely v,, and v,, can, as 
x-ray absoqtiometer GE Systems, the present inventors have discovered, be treated as constants. 
Wis.). It should however be understood that an estimate of 

10 Therefore, recognizing that dvS1--cb is the net time delay, it 
BMD may be obtainednot using NTD, but may should then be appreciated that NTD is propo~ional to the 
MTD as well. 

A fracture risk associated with the living person is com- BMD. It should be also understood that although this model 

puted by a feedfornard neural network whose inputs are the stl-ictl~ 'peaking, to a "two layer 'ystem," 
ultrasound parameters NTD and MTD, and the associated l5 the inventors have discovered that it works well in bony 
parameters age, sex, weight, height, degree of bone turnover, members com~risedmostl~ of corticalboneandeveninbon~ 
and history of fracture. The output of the neural network is the members that have mostly trabecularbone, and in bony mem- 
probability of a fuhre frachre, a number between o and 1. bers which have substantial amounts of both kinds of bone 
Neural network is an infomation processing device that uti- tissue. Finally, it is important to point out that although the 
lizes a large number of simple modules which are highly 20 NTD was computed using a time delay of a bone-oriented 
interconnected with one another. Neural networks are well signal and the bony memberthickness, it is possible to use any 
known in the art (the reference can be made to Neural Net- two (2) of three (3) ultrasound parameters to estimate BMD 
works, A Comprehensive Foundation, by Simon Haykin, and obtain similar results as with NTD based on time delay 
IEEE Press, Macmillan College Publishing Company, New and thickness, the three parameters being (1) time delay, -cb, of 
York, 1994). They are appreciated for their remarkable ability 25 the bone-oriented signal; (2) the thickness, d, of the bony 
to derive meaning fromcom~licatedorim~recisedata and ai-e member (assumed equivalent to the distance separating the 
usually used to trace trends that are too complex to be noticed two transducers); and (3) the velocity, (=dTb), ofthe signal 
by either humans or other computer techniques. through the bony member. In addition then, to the relationship 

It should be understood that a multivariate linear regres- between NTD and BMD, it may be understood that BMD is 
sion, a multivariate nonlinear regression, or even a statistical 30 proportional also to tau,(al-bl,v) and also d,(allv-bl), 

testing algorith may be used to estimate bone where a l ,  a2, b l ,  and b2 are constant regression coefficients, 
mineral density using at least one of the ultrasound param- 

and thus should be considered to be equivalent to the net time 
eters, NTD and MTD. Furthermore, the computation of one 
or more of said quantities BMD, bone strength, bone fracture delay parameter. It should also be understood that while in the 

risk, bone architectwe andbone quality may be derivedusing 35 presently preferred embodiments of the invention the time 
at least one parameter as may be derived from the acoustic of the bone-oriented is with the 

bone transfer function (in either the frequency and time- method of moments, other approaches could be used in esti- 

domains, or in both), and may also include at least one of said mating NTD. These methods could include, but not be limited 

parameter net tirne delay and parameter mean tirne duration, to selection of the time delay based on when the signal first 

and may further include a set of other parameters related to 40 " e ~  above the noise level, or the time when the signal first 
the living being, namely, thickness of the bony member, age, reaches 5 Percent of its maximum value. Thus the Present 
sex, height, weight, history of fracture, cigarette smoking invention should be understood to include any methods which 
history, degree of bone turnover, and family history of frat- can estimate a time delay of the bone-oriented signal. 
ture. It should be understood that the degree of bone turnover However, the presently preferred method for determining 
can be measured in a number of ways, including but not 45 the time delay based on moments has been discovered to be 
limitedto bloodanalysis andurine analysis. Note also that the remarkably resistant to the effects of noise. Further, it should 
nonlinear regression may be implemented with a neural net- be appreciated that the evaluation of velocity, v, is best 
work. achieved through use of a method of moments as well, using 

It is useful to provide some additional background as to the the expression v=d-cb, where -cb is computed based on the 
relationship between NTD and bone-mineral density. (Again, 50 method of moments, as in the presently preferred embodi- 
this density is in fact an areal density-not a true volumetric ment of the invention, although other methods for measuring 
density-and is also therefore equivalent to total bone mass time delay (and hence velocity) can be used as well, as 
or overall bone thickness.) For this it is useful to model the described in the material hereinabove. It should further be 
bony member as consisting solely of two layers, one bone appreciated that although the moments in the presently pre- 
layer of thickness a,,, and another soft tissue layer of thick- 55 ferred embodiment rely on the square of the signal in their 
ness d,,; the thickness, d, where d=dbl+dsl, is equal to the computation, the present inventors have found that other 
overall thickness ofthe bony member. It shouldbeunderstood exponents have proven to have good performance also, for 
that the soft tissue layer includes not only the overlying soft example just the signal itself (exponent=l), and thus all expo- 
tissues but all the soft tissues located in the path of an ultra- nents should be considered to be within the scope of the 
sound wave, for example, including the soft tissues within the 60 invention. Further, it should be appreciated that the use of 
marrow spaces of any trabecular bone that may be part of the most of the first cycle (through the integration of the signal 
bony member. It should further be understood that the bone with respect to the various powers oftime, t) is a key aspect of 
tissue layer includes all of the bone located in the path of an the present invention as it is responsible for the superior 
ultrasound wave, and that it has been effectively compressed performance obtained, and therefore the use of the majority of 
into a single layer. In this model, then, the time delay of the 65 the first cycle in determining time delay of the signal is to be 
bone-oriented signal is -cb, where -cb-cbl t-c,,, and -cbl is the understood to be a major feature of the invention. This would 
time for propagation through the pure bone layer, and T,, is also be understood to include curve fitting a model of the 
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signal to obtain a value for the time delay, as well as various means for generating multi-frequency or multidirectional 
weighting functions and also to include any nonlinear func- ultrasound data should be considered to be within the scope of 
tions as well. the present invention. Also, the preferred frequency differen- 

The invention pertains to the non-invasive ultrasound tial should be substantial, not less than at least 50%, but 100% 
assessment of bone, including the assessment of bone 5 or more is preferable. In the previously described multi-fre- 
strength, density, architecture, quality, and fracture risk. quency embodiment, the differential is 100%x(2100 kHz- 
Since ultrasound propagation through bone depends on both 100 kHz)/l00 kHz=2000%. Further, the multidirectional data 
mass (BMD) and architecture (as well as material properties should be understood to also include the use of arrays, which 
per se), it is useful to combine multiple ultrasound measure- allows for oblique propagation between the two transducers. 
ments in order to uniquely identify bone properties. In an 10 It should also be appreciated that only one of the two trans- 
alternative embodiment ofthe invention, ultrasoundmeasure- ducers may be an array, with the other being a single element. 
ments are made from at least two (2) directions, and the As yet further advances over the prior art, in yet an alter- 
information combined in order to more accurately identify native embodiment of the invention, concentric or annular 
bone properties. In an alternative embodiment, ultrasound is phased arrays are used. Either the transmitter, receiver, or 
propagated in the phalanges (fingers) from 2 directions 15 both, may be an annularphasedarray; if only one is anannular 
approximately orthogonal to one another. Thentwo (2) sets of array, then it is to be understood that the other transducer is a 
data, namely two (2) net time duration parameters and two (2) single element transducer. The annular array is operated to 
mean time duration parameters are measured and combined focus into a given region the ultrasound beam; thus a number 
in a multivariate regression to output the bone mineral density of bone properties may be determined, corresponding to the 
and architecture of the finger bone. It should be understood 20 spatial regions whichareultrasonically interrogated. Because 
than a variety of ultrasound parameters may be used in addi- of the heterogeneity of bone, knowledge of the bone proper- 
tion to the NTD and MTD parameters, such as parameters ties (or equivalently, the ultrasound parameters) in the 
associated with a set of at least two (2) acoustic transfer scanned regions leads to an overall much more accurate esti- 
functions associated respectively with at least two (2) direc- mate of overall bone density, architecture, strength, quality 
tions of propagation through the bone, as well as the set of at 25 andor fracture risk. The prior art has relied on rectangular 2D 
least two (2) bony member thicknesses associated, respec- arrays, which lead to very expensive systems (due to both 
tively, with the at least two (2) directions of propagation high cost of 2D arrays and the large number of source exci- 
through the bone, as well as a set of other parameters related tation elements required). The annular array overcomes these 
to the living being, namely, age, sex, height, weight, history of shortcomings and is well described in Chapter 10 of the 
fracture, cigarette smoking history, degree of bone turnover, 30 excellent reference Medical Imaging Systems by Albert 
and family history of fracture. It should be further understood Macovski, published by Prentice-Hall, Inc. in Englewood 
that this alternative embodiment of the invention may be used Cliffs, N.J., in 1983, and which is incorporated by reference 
on any bone within a living body in which multi-directional hereinto. The annular array can be phased so that cylindrical 
ultrasound measurements can be obtained, not just the pha- "slices" of the bone can be scanned, using dynamic focusing, 
langes, and further that the multidirectional measurements 35 and thus is far superior to prior methods. 
need not necessarily be in directions that are approximately Another useful embodiment relies on a phase insensitive 
orthogonal with one another, but may also be oblique as well. transducer receiver to measure the received waveform after it 

There are, however, many bones for which such multidi- has been transmitted through a bony member. The phase 
rectional data cannot be obtained. In these cases, another insensitive nature of the receiver allows attenuation depen- 
embodiment is preferred. In this alternative embodiment, 40 dent measurements to be made much more accurately as 
ultrasound measurements are acquired from a single direc- compared to the phase sensitive transducers normally used. A 
tion; however the measurements are carried out at 2 sharply number of different ways are available by which phase insen- 
distinct frequencies. In a present embodiment, a single trans- sitive measurements can be obtained, using specialized single 
ducer acting as a source emits two signals, one signal with a element transducers, or array transducers using absolute 
center frequency of 100 kHz, and the other signal with a 45 amplitudes and summing together the voltages from each of 
center frequency of 2.1 MHz. A receiving transducer, also the elements of the array. It should be understood that the 
capable of receiving both signals, namely a broadband invention includes any way by which phase insensitive mea- 
receiver having a bandwidth of 50 KHz-2. l MHz measures surements may be obtained, and the use of any of a number of 
the two signals and evaluation of a pair of quantitative data is ultrasound parameters that may be obtained from the phase 
obtained. In a present embodiment, the pair of data is the NTD 50 insensitive receiver measurements. 
and MTD, each measured using the said two distinct fre- In yet one further embodiment of an invention to assess 
quency input signals, respectively. The multi-frequency data bone, a single transducer 16 is used in reflection mode. In this 
serves as an alternative to the multidirectional data, and also embodiment, and as shown in FIG. 3, an ultrasonic pulser- 
leads to improved accuracy in estimating the aforesaid bone receiver card 17 can be added to a computer 20; the pulser- 
related properties. 55 receiver card can be suitably a Matec Instruments, Inc., of 

It should be understood that any quantitative ultrasound Northborough, Mass., Model No. SR-9000. It should be 
parameters (e.g., NTD, MTD, velocity, etc.) can be measured understood that in this embodiment of the invention, one end 
using one of the above embodiments, that is, in a multidirec- of a buffer rod (not shown in FIG. 3) made of Lucite (and of 
tional embodiment, or a multi-frequency embodiment. It known acoustic properties) is placed in contact with the skin 
should also be understood that a number of ways can be 60 overlying a bone to be ultrasonically assessed, and the trans- 
utilizedto generatemultidirectional dataandmulti-frequency ducer 16 is placed onto the other end of the buffer rod. An 
data, including the same transducer pair and rotating them acoustic wave is generated by the transducer 16, and propa- 
(e.g., 90 degrees) to obtain the multidirectional data set, or gates through the buffer rod towards the skin and bone. At 
two different pairs of transducers, arranged or configured to each change of acoustic impedance, Z, (i.e., Z=the product of 
operate in two orthogonal directions (or any oblique direc- 65 volumetric density and velocity of ultrasound for a given 
tion), multi-frequency transducer pair, or different transducer propagation medium), a portion of the propagating wave is 
pairs operating at distinct frequencies, for example. Any reflected back and transmitted forward. In this case, the wave 
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is thus partially reflected and partially transmitted at the able to be time-windowed out. The frequency and duration of 
buffer rod-skin interface, at the skin-cortical bone interface, the interrogating signal will also generally be chosen to mini- 
and the cortical bone-trabecular bone interface, and so forth mize overlapping of echoes, but this is not strictly speaking 
and so one. (In practice, reflections from further interfaces- necessary. For example, it should be understood that the 
for example from the trabecular bone-cortical interface at the 5 response to overlapping echoes can be evaluated and used to 
far end ofthe bony member-wouldnot be measurable above solve for the parameters of interest. (See for example, the 
noise. However, the processing ofthese deeper measurements book Optimal Seismic Deconvolution, by Jeny M. Mendel, 
should be considered to be within the scope of the present published by Academic Press, New York, in 1983.) It should 
invention, in the instances where sufficient signal-to-noise further be appreciated that a reference measurement can be 
ratios can be obtained.) The reflections from these interfaces 10 made by operating the transducer with the buffer rod attached 
are used to obtain information about the bone tissue. In a in a medium with known acoustic properties, such as in air or 
presently preferred embodiment of the invention, a 7.5 MHz in water; in this way knowledge of the source waveform can 
ultrasound pulse is used in a pulse-echo mode configuration. be obtained and the effect of the buffer rod on the propagating 
Knowledge of the acoustic properties ofthe plastic buffer rod waveform can also be accounted for. It should also be appre- 
and ofthe soft tissue (skin) is assumed, although it is possible 15 ciated that a number of different ultrasound transducers and 
to measure both independently. The reflection of the wave pulsers can be utilized in the various embodiments of this 
from the soft tissue-cortical bone interface is measured by the invention. For example, a single element transducer operating 
transducer 16 operating in pulse-echo mode. The relative in pulse-echo mode with a pulser-receiver is the most com- 
amplitude, R, of the reflected signal (relative to the incoming mon embodiment. However, a dual element transducer can 
wave) is given by R=(Zcb-Zst)i(Zcb+Zst), where Zcb is the 20 also be used, in which the transmitting and receiving elements 
acoustic impedance ofthe cortical bone andZst is the acoustic are both electrically and acoustically distinct; this can often 
impedance of the soft tissue, assumedknown. Thus by simply simplify the measurement of the received waveform. It 
measuring the amplitude, R, of the reflected wave relative to should therefore be appreciated that any transduceripulser 
the amplitude of the signal impinging on the outer cortical configuration can be considered to be within the scope of the 
surface, the acoustic impedance, Zcb, ofthe cortical bone can 25 present invention, and further that both analog and digital 
be determined by Zcb=Zst (1 +R)i(l -R). In addition to mea- embodiments, or a combination ofboth, should be considered 
suring the reflection from the near surface of the cortical to be within the scope of the present invention. It should also 
bone, the reflection from the cortical-trabecular bone inter- be recognized that because of the relatively thin nature of the 
face is measured as well. In this embodiment, the time delay, soft tissue, it may beuseful to "extend" it by using a bufferrod 
T,, between the signal reflected from the soft tissue-cortical 30 with acoustic properties matched as closely as possible to the 
bone interface and the cortical-trabecular bone interface is soft tissue. It should also be appreciated that although the 
measured. The areal bone mineral density, BMD,, [inunits of acoustic impedance expressions utilized herein are for a loss- 
kg/m2], of the cortical-only portion of the bony member is less and dispersionless medium, it would be straightforward 
computed as BMD,,=p,, d,=p,, v,, d,,iv,=Zcb T,,,,. to extend them and the entire analysis to the lossy and disper- 
Thus in this embodiment of the invention a direct measure- 35 sive case, and thus should be considered to be within the 
ment of the areal bone density of the cortical only portion of scope of the present invention. Finally, it should also be 
the bony member (on the side nearest the transducer) is made. appreciated that because of the non-planar and oblique nature 
Several additional points should be noted with respect to this of the cortical surface on which the ultrasound wave 
alternative embodiment of the invention. First, it should be impinges, the amplitude of the reflected wave may not be 
appreciated that although the areal bone mineral density of 40 related solely to acoustic impedance differences. Thus in such 
the cortical bone is estimatedusing the acoustic impedance of a case it should be understood that the transducer may be 
the cortical bone, the acoustic impedance itself is of important angled (either physically or through phasing of an array) in a 
diagnostic value, as it is the product of true density and plurality of directions in order to correct for the non-planarity 
velocity, which both decrease in osteoporosis. Thus acoustic and obliqueness of the cortical surface. In a present embodi- 
impedance is a strongly sensitive measure of the bone loss 45 ment, the transducers are angled continuously and the system 
disease process. Second, although a very high frequency outputs the maximum value of the reflected amplitudes for 
waveform was used to be able to isolate the reflections from subsequent processing. 
each of the interfaces, it is also possible to use a lower fre- An additional embodiment of the invention is to operate a 
quency waveform and to consider for the occurrence of mul- pair of transducers in both through transmission and pulse- 
tiple reflections as well. This can be done by a direct analysis 50 echo mode; in this way, two sets of ultrasound parameters 
based on reflected waves in a layered medium. In this case, an may be obtained, namely that set associated with the trans- 
overall transfer function is derived relating the input wave- mission measurements, and that set associated with the 
form to the received (reflected) waveform. The transfer func- reflection measurements. It should be understood that these 
tion depends on the acoustic properties and thicknesses asso- data sets may be further processed, using linear or nonlinear, 
ciated with the soft tissue, cortical bone and trabecular bone, 55 univariate or multivariate regressions, to obtain one or more 
respectively. These properties are estimated using least- of the aforementioned bone properties. 
squares in either the frequency or time domain, and in this A further alternative embodiment ofthe invention is shown 
way extremely short time (high frequency) waveforms are not in FIG. 4. In this embodiment, near real-time processing is 
required, and multiple reflections (for example from within used to compute a set of parameters associated with the ultra- 
the cortical bone layer) can also be handled. Thus, it should be 60 sound waveform, namely the NTD and MTD. These param- 
also recognized that not only properties of the cortical bone eters may then be used for estimating bone density, strength, 
can be estimated, but the acoustic impedance ofthe trabecular architecture, quality and fracture risk through a multivariate 
bone can be estimated as well. It should also be appreciated linear or nonlinear regression, neural network or other pattern 
that the frequency-dependent attenuation associated with the classification method (see for example H. L. van Trees, 
cortical bone can be estimated as well. It should also be 65 Detection, Estimation and Modulation Theory, Vol. 1, John 
appreciated that the length of the buffer rod would generally Wiley and Sons, incorporated by reference hereinto). In order 
be chosen so that multiple reflections from within the rod are that each device provides similar outputs, a digital filter simu- 
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lating the effects of the bony member and bone tissue may be in terms of a pulse width and repetition rate signal from the 
used on the reference signal of each manufactured device receiverlprocessing board (not shown) connected at 72. It 
(which because of small variations in the various components should also be noted that in this alternative embodiment the 
will be somewhat different). This can serve as a convenient receiver board measures the distance (through a distance sen- 
way to calibrate or standardize each device. (An alternative 5 sor (also not shown) between the transducers each time an 
and useful calibration-and simpler approach-is to measure averaged set of waveforms is obtained; this distance measure- 
known reference materials and include device specific con- ment is "paired" with the receiver measurement in order for 
stants to ensure that eachdevice outputs the samevalues when the net time delay parameter to be properly computed. It 
measuring the same material object.) This filter can be mini- should also be understood that the distance sensor may be 
mum phase or linear phase, or some other phase which has 10 based on a number of techniques, including but not limited to 
been shown to be a good model for bone tissue; it can have a digital encoders, micrometer based encoding, linear variable 
linear, quadratic or other power or combinations of powers differential transformers, among others. 
attenuation function. The device can extract out the net time The key features of the device (besides its near real-time 
delay and mean time duration parameters directly, as dis- nature) are: (i) portability; (ii) handheld; (iii) battery-pow- 
closed hereinabove, or alternatively indirectly by using, for 15 ered; and (iv) a display that provides feedback for the opera- 
example, the velocity and attenuation functions of a transfer tor. Capability for entering a subject's age, sex, height, 
function estimated from the received signal and a reference weight, degree of bone turnover, and other patient specific 
signal which has propagated through a medium of known factors are also included. The devicemay also be connectedto 
acoustic properties, which in this preferred alternative a computer, a "Palm Pilot," or a printer, or any combination of 
embodiment is water. Another alternative embodiment of the 20 the above; this connection may be wired or wireless (e.g., 
indirect approach for extracting the net time delay and mean Bluetooth). The device in a present embodiment also has a 
time duration parameters is to use a set of digital filters to filter touch screen, to allow convenient control of certain aspects of 
the source waveform (e.g., a reference waveform which had its operation. One way the device may be usedis to display to 
propagated through water only, corrected for the known time the operator the received waveform; when the waveform has 
delay and which includes the effects of both the source and 25 a given shape, the operator pushes a button on the device 
receiving transducers, and the source excitation signal) with a which initiates an averaging and data storage operation. This 
respective set of given attenuations and phases, to produce a can also be done automatically, without user intervention. As 
set of simulated (or "bone-oriented") output signals. In this another way of using the device, the operator moves the 
alternative embodiment, a set of pairs of simulated net time device slowly over the skin, acquiring a range of parameter 
delay and mean time duration parameters are computed from 30 values associated withthe specific anatomical site beingmea- 
the set of simulated output signals, and are stored within each sured. The device processes this set or sets of parameter 
device, together with the associated pair of values of phase values in order to obtain an optimal and reproducible estimate 
and attenuation. It should be understood that this allows for of bone strength, density, architecture, quality, and fracture 
the use of a look-up table or other similar means (e.g., surface risk. For example, the device may use a maximum likelihood 
response modeling and interpolation techniques) well known 35 estimate based on the probability distribution (histogram) 
in the art, to equate the measured (i.e., on an actual subject) associated with a given parameter. It should be understood 
net time delay and mean time duration parameters to an that in order to maximize the utility of the device that the 
equivalent pair of attenuation and phase values. This embodi- display may have the option of being able to rotate. In one 
ment is particularly useful for correcting for differences that such embodiment (FIG. 4), the display can rotate 290". In 
might arise due to variations between transducers that pro- 40 another embodiment, the display can also be angled up or 
duce differences in ultrasound waveforms; this might then down, either in addition to rotating or instead of. The ability 
lead to differences in computed ultrasound parameters, with- to adjust the position of the display improves the ability of the 
out that is, the use of such a correction scheme as disclosed user to operate the device, and also to apply it in different 
herein. ways to one or more anatomical sites in a living body. In one 

An overall schematic diagram is shown in FIG. 4, and 45 presently preferred embodiment of the invention, the user 
contains two transducers 35, a touch screen display 36, an places the device on a bony member a specified number of 
on-off switch 38, and a case 37 which contains the required times (5  in this alternative embodiment) and the device out- 
circuitry and distance measuring hardware. In this alternative puts the minimum as the estimate of the parameter of interest, 
preferred embodiment, the required circuitry is placed on two in this preferred alternative embodiment the minimum BMD. 
(2) printed circuit boards (PCB's), although in some other 50 It should be appreciated that the invention may include the 
embodiments only one (1) may be preferred. The present use of a template for improving the reproducibility of the 
embodiment has a pulserlsystem power board and a receiver1 measurement. Although the region to be measured is located 
processing b0ard.A schematic diagram showing the intercon- generally without the help of a template, the template can be 
nected components of this embodiment of the invention is also used after the ultrasound measurement to make a record 
shown in FIG. 5. As may be seen, the apparatus consists of a 55 of the location used for a given subject. This information is 
microcontroller 40, a digital signal processor 42, a receiver then used the next time the subject is measured; the template 
containing an analog to digital converter 44, as well as con- is used to mark the skin where the measurement was carried 
nections for pulser board input 46, pulser board output 48, out previously, allowing for example, treatment to be moni- 
receivertransducer output 50, anddistance measurements 52. tored since the same site is measured each time. It should be 
The PCB for the pulserlsystem power components is shown 60 understood that the template approach can be used on a vari- 
in FIG. 6. As may be seen the pulserlpower board 60 contains ety of anatomical sites, including but not limited to the heel. 
high voltage capacitors 62, a high voltage inverter 64, a trig- The use of a template is important because of the large 
ger transformer 66, as well as provisions for inputting battery amount of heterogeneity of the bones comprising a living 
power 68, for outputting transducer excitation signal 70, for body. It should be further understood that a variety of tem- 
powering the receiverlprocessing board, and for receiving 65 plates and locating devices could be devised and used in the 
signals from the receiverlprocessing board. Of special signifi- manner as described in this paragraph to reproducibly locate 
cance to note is that the pulser output 70 is digitally controlled and measure a specific region of interest. 
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In another embodiment of the invention, transducers 16 ment of each transducer 16,18 can be operated in pulse-echo 
and 18 in FIG. 1 are multi-element, two-dimensional array mode, enabling the soft tissue thicknesses overlying a bone to 
transducers. In a presently preferred embodiment, each trans- be measured, and the acoustic impedance and BMD to be 
ducer16, 18isrectangular, 3 cmby 4 cm, com~risedof 10x13 estimated-at amultiplicity of spatial locations-as well. For 
(-2)=128 elements (two corner elements not being used), 5 this purpose an ultrasonic pulser-receiver card can be added to 
with nominal center frequency of 850 kHz and bandwidth the computer 20. The pulser-receiver card can be suitably a 

As supra, the generated Matec Instruments, Inc., of Northborough, Mass., Model No. 
card 24 serves as input to power amplifier means 26. The SR-9000, 
output of power amplifier means 26 then passes through 
switching network 27a before reaching transducer 16, Sig- lo  

In an alternative embodiment, the multi-element, two-di- 

rials received at transducer 18 must similarly pass through mensional array transducers 16 and 18 can be utilized in a 

switching network 27b before card 28 receives them. Switch- synthetic array aperture mode. In this mode a single 

ing network 27a is a signal routing and measurement switch tion signal is ~assedthrough a plurality of the array elements, 

which sequentially connects the single channel output of the al~oknownastheapemre. BY moving the entireapemre one 
waveform generator card 24 via power amplifier means 26 to 1s element at a time across the array, high resolution images are 
each of the elements of the launch transducer 16. Switching made possible, but a high signal to noise ratio can also still be 
network 27b similarly connects the single channel input of maintained and beam divergence reduced. For this embodi- 
card 28 to each of the elements of the receiving transducer 18. ment, the switching networks 27a and 27b may suitably be a 
Networks 27a and 27b may be assumed to be under computer relay-based system, for example Model No. JXl256 manu- 
control via a general purpose interface bus (GPIB) 29, shown 20 factured by Cytec Corp. of Penfield, N.Y. Additional infor- 
as a dashed line in FIG. 1. mation which may be useful in this approach is Synthetic 

This alternative embodiment with an array or with two Aperture Radar, by Curlander and McDonough, John Wiley, 
arrays a predetermined landmark to be 1991, the entire disclosure ofwhich is incorporated herein by 
reliably located automatically through the use of signallim- reference. 
age processing rather than by physically repositioning the 25 

transducers 16 and 18 relative to the anatomical region. The In yet another alternative embodiment, only one of trans- 

anatomical landmark can, for example, be the edge of a heel ducers 16, l8 is an array transducer-~referabl~ transducer 

bone. Locating such a landmark can be accomplished because 18. In this single-array transducer embodiment, transducer 16 

the parameters disclosed in the present invention are strongly may be a frequency .5 inch diameter trans- 

dependent on the type of tissue (e.g., soft tissue vs. bone) 30 ducer> No. 3925 from Panametrics5 In'. of Wa1tham5 

through which the ultrasound sipal is propagated, For Mass. while transducer 18 may be a 850 kHz nominal center 

example, the net tirne delay is much lower (Jose to zero) cmx4 cm array transducer having 

when the ultrasound signal travels through the soft tissue 12', mmx3 mm fromAcoustic Imaging of 

laterally surrounding the bone as to the bone itself nix> Ariz. In genera', transducer l6 be large enough to 

(typically 
microseconds)~ By locating anatomical land- 35 cover a region which is ofclinical interest and whichmay also 

marks in this fashion, that is though acquisition of an image include some anatomical landmarks to be used in reposition- 

rather than a single number, improved reproducibility and ing transducer 16. Transducer 18 shouldbe approximately the 

precision in ultrasound parameter estimates can be accom- same size as transducer 16, although the size and shape ofthe 
plished, In one preferred embodiment, data obtained through transducers each may 
the ultrasonic interrogation of the tissue-for example 40 transducers l6 and in a region 

though identification of a region of minimal bone d e n s i t y  large to obtain enhanced reproducibility and accuracy. With 

can itself be used as local reference sites for reproducibly to a region, such a region be 'enti- 
positioning the relative to the transducers 16 and 18. meters in size. However, other anatomical sites, such as a 
The above embodiments utilizing "electronic" positioning finger, may a regi0n 

can be implemented using template matching and 45 because tranducer 16 is a single-element transducer, 

correlative techniques, as well as edge detection algorithms, 27a is not required in the single-arra~ transducer 

well known in the art and as described in the book Di~ i t a l  embodiment' 

Image Processing, by Gonzales and Wintz, 2d ed, The single-array transducer embodiment is much easier to 
Addison-Wesley, Redding, Mass. which is fully incorporated implement and is much less expensive than the dual-array 
hereinto by reference. It should be understood that all of the 50 embodiment de~cribed hereinabove, Yet retains most of the 
techniques disclosed herein including but not limited to linear advantages of the dual-array embodiment, in terms of 
and nonlinear uni- and multivariate regressions, neural net- enhanced reproducibility and accuracy, as compared to 
works, pattern recognition, statistical hypothesis testing, anbodiments employing a pair of single-element transduc- 
pulse echo and through transmission ultrasound techniques ers. It should be understood that the single-array transducer 
(including but not limited to multi-directional and multifre- 55 embodiment, like the dual-array transducer embodiment, can 
quency methods), and all of the parameters disclosed herein, be~~edwithavafiety of signal~rocessingtechniques, includ- 
including, but not limited to mean time duration, net time ing mean time duration and net time delay. It should also be 
delay, velocity, attenuation, acoustic transfer function, acous- understood that, depending on the signal processing tech- 
tic impedance, and bony member thickness, are directly nique utilized, the single-array transducer embodiment may 
applicable and useful and preferred for use with multi-ele- 60 0' may not include means for, or the step of, directing the 
ment, two-dimensional array transducers. ultrasound signal through a known medium to obtain a refer- 

The utilization of multi-element, two-dimensional array ence electrical output signal. 
transducers 16 and 18, also allows the averaging of a large set It should be appreciated that while this invention applies to 
of data from a plurality of excitation signals which can lead to bony members generally in a living being, certain bones 
more accurate estimates of bone density, strength, and frac- 65 which have shown to be well suited for ultrasound examina- 
ture risk, and also improve the capacity for reliable intra- tion have been identified. They include, for example, the 
patient and inter-patient comparisons. Furthermore, eachele- calcaneus (the heel bone), the phalanges (finger bones), the 
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radius (wrist), and any of the long bones for cortical bone obtain the estimate desired, namely one or more of the bone 
assessment (for example, the tibia and femur, particularly the properties bone mineral density, bone architecture, quality, 
proximal femur or hip). strength and fracture risk. 

In one additional embodiment of the invention, and with Inanalternativeandpresently preferredembodiment ofthe 
additional reference to FIG. 7, the distal radius (not shown) of 5 invention, with additional reference to FIG. 8, an apparatus 
an individual's arm (wrist) 80 is ultrasonically interrogated consisting oftwo transducers, a rectangular source transducer 
using the methods and techniques as disclosed herein. An 100 and a rectangular array receiver transducer 102 are placed 
apparatus consisting of a linear array receiver transducer 82 around a bony member, such as a forearm 104, of a living 
(in the presently preferred alternative embodiment it contains person and adapted for acoustic coupling to the overlying 
20 elements, with each rectangular element having a width of 10 skin. In the presently preferred embodiment of the invention, 
2.5 mm and a length of 5 mm, being 5 cm overall in length, a forearm 104 is measured and contains an ulna 106 and a 
and nominally operating with a 3.5 MHz center frequency) radius 108. An ultrasound signal is generated and sent from 
and a large single element rectangular (5 cmx1O cm) trans- the source transducer 100, through the forearm 104 and to the 
mitter transducer 84 is used, with the array transducer 82 receiving transducer 102 where it is measured andprocessed. 
oriented longitudinally in a direction substantially orthogonal 15 In a presently preferred embodiment of the invention, the 
to a longitudinal axis of the arm. In this embodiment, the wrist source is a single element rectangular 1 cmx4.8 cm trans- 
of a living being is subjected to ultrasound interrogation ducer with a center frequency of 3.5 MHz and 60% bandwidth 
generated by the rectangular transducer, propagates through (suitably available from thevalpey Fisher Corporation, Hop- 
the wrist (using coupling gel on both transducers to assure kinton, Mass., USA). The receiver is a linear array having 64 
good transmission and reception), and is measured at the 20 elements with a nominal center frequency of 3.5 MHz, a 60% 
other side by the linear (ID) array transducer. In the present bandwidth, and a pitch of 0.75 mm (suitably available from 
embodiment, the data from each element of the array is pro- thevermon company, locatedinTours, France). Several items 
cessed (the processing hardware is not shown in FIG. 7 but is that although not shown in FIG. 8 should nevertheless be 
understood to be similar to that shown either in FIG. 1 or understood to be part of the invention. Furthermore, these 
FIGS. 4-6) to obtain the net time delay and mean time dura- 25 items may be understood further with additional reference to 
tion parameters. The array is moved (translated) proximally FIG. 1 and related text supra. Thus it should be understood 
under computer control (not shown) using stepper motors so that in this presently preferred embodiment of the invention 
that a length of about 10 cm is scanned at the distal portion of that a pulser signal generator (most suitably Model No. 
the wrist at a prescribed set of discrete spatial steps (in the 5077PR, available from Panametrics, Inc., located in 
present embodiment each step is 2.0 mm, making for a total of 30 Waltham, Mass., USA) is used to provide input excitation to 
50 steps). The ultrasound data is stored in conjunction with the source transducer. It should also be appreciated that the 64 
the x,y coordinates with which it is associated, so that an channels of the receiver are multiplexed down to two under 
image ofthe wrist (and more specifically the radius) showing computer control via a USB connection; the multiplexer also 
the NTD parameter (or any of the ultrasound parameters provides amplification that allows either 0 dB, 30 dB or 50 dB 
disclosed herein) can be displayed. This image is used to 35 gain to each channel independently, also under computer 
reproducibly identify, through further processing, a compa- control (the multiplexer is most suitably available from 
rable region of interest, using standard imaging techniques Techen, Inc., located in Milford, Mass., USA). The received 
well known in the art image processing and of bone densito- waveform from each channel is sampled at 50 MHz with 14 
metry in general. This would include for example, acquiring bits resolution using a dual-channel digitizer card (most suit- 
ultrasound data not just of the radius per se but also of sur- 40 ably Model No. ATS460, available from AlazarTech, Inc., 
rounding soft tissue only regions. The value of bone mineral located in Kirkland, Quebec, Canada) installed in an exten- 
density for the individual is then evaluated from the automati- sion chassis (suitably Model No. CB IF, available from the 
cally identified region of interest, and output. It should be Magma company, located in San Diego, Calif., USA). In the 
understood that the disclosed apparatus and method for deter- presently preferred embodiment of the invention, data is 
mination of the condition of one or more of the bone proper- 45 downloaded to a laptop via a PC card, where an averaged 
ties bone mineral density, bone architecture, quality, strength waveform based on 128 acquisitions for each channel is com- 
and fracture risk of the radius can be embodied in a number of puted and stored for further processing. Therefore it should be 
ways that have been disclosed herein. This includes but is not understood that the array receiver is used to obtain a set of 
limited to, for example, use of a 1D transmitting array in bony member output signals. In the presently preferred 
addition to the receiver array (in which case the transmitter 50 embodiment, there are 64 bony-member output signals con- 
would also be translated along the arm), use of a single tained in the set of bony-member output signals (also known 
element transmitting transducer of approximately the same as a set ofbone-oriented output signals). Each signal in the set 
overall dimension as the 1D receiver array (again in which of bony member output signals is associated with a specific 
case the transmitter would also be translated along the arm), element of the receiver array. The processing consists of a 
use ofphasing ofthe array or arrays to achieve at least one of 55 specialized computation, which is designed to estimate a set 
focusing and deflection, and the use of 2D array or arrays to of three (3) time delays associated with the set of bony mem- 
avoid the need for mechanical scanning. In addition, any of ber output signals received by the array transducer that have 
the approaches disclosed hereinabove, including but not lim- propagated through the bony member. In the presently pre- 
ited to evaluation of net time delay, mean time duration, ferred embodiment of the invention, the three delays are (i) 
attenuation, velocity, bony member thickness, and acoustic 60 the time delay, T,, associated with a portion of the transmitted 
transfer function, as well as multi-directional and multi-fre- ultrasound wave which propagates through a soft-tissue only 
quency methods, may be utilized in the non-invasive ultra- portion of the bony member (in the presently preferred 
sound assessment ofthe radius. Note finally that the use of an embodiment of the invention this corresponds to the soft- 
array or arrays in any of the embodiments of the invention tissue only portion in the space between the radius 108 and 
usually would be understood to lead to a plurality of ultra- 65 ulna 106 in the forearm 104 and is termed the "water-wave" or 
sound parameters, for example a plurality of net time delay "WW"); (ii) the time delay, T,, associatedwitha portion ofthe 
parameters, which would be further processed to extract or transmitted ultrasound wave which propagates through the 
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overlying soft tissue, through a cortex of the bone within the the scope ofthis invention. For example, bone width could be 
bony member, into the medullar cavity 110 within the bone, obtained using a mechanically scanned transducer or pair of 
then into the cortex on the opposite side of the bone, out into transducers (i.e., with or without an array transducer). It 
the soft tissue on the i-eceiver side of the bony member, and should be understood that bone width can also be estimated 
finally to the receiver, and is termed the "direct-wave" or 5 by determining the outside edges on both sides of the bone, 
"Dw'; and (iii) the time 5, witha portion In the presently preferred embodiment of the invention, the 
the transmitted ultrasound wave which propagates through 

bone mineral density (BMD) of the bone in the bony member 
the overlying soft tissue, into and within the cortex ofthe bone 
within the bony member until it emerges out of the cortex on is evaluated according to a regression between BMD on the 

the opposite side from which it entered (that is, this portion of 10 one,hand5 and NTDa and NTDb On the other' This regression 
the ultrasound wave never enters the medullar cavity), and given by BMD=a NTDa'NTDa+b NTDa'NTDb+c, where a, 
then into the soft tissue on the receiver side of the bony b and c are regression coefficients obtained by the method of 
member and finally to the receiver, and is termed the acircum- least squares. It should be understood that a similar equation 
ferential wavew or "CW, These three time delays (i,e,, the can be used to estimate the cross-sectional area, but with 
time of arrival of each component of the received ultrasound 15 different regression coefficients. In addition, an estimate of 
signal are computed, in the presently preferred embodiment cortical thickness (CT) may be estimated by CT=e NTDa+f, 
and with additional reference to FIG. 9, by locating the peak where e and f are regression coefficients obtained by the 
of the second cycle of each component (i.e., the WW, CW, method of least squares. It should fwther be appreciated that 
DW components) arriving at the receiver. As may be seen in the size of the medullar canal (medullar thickness or MT) may 
FIG. 9, a signal from receiver element number 112 from the 20 be estimated by MT=g NTD,+h, where g and h are regression 
array ti-msducer is shown with the CW, DW and WW corn- coefficients obtained by the method of least squares. It should 
Ponents indicatedand the arrow ~ointingto the time of arrival be appreciated that any kind of processing of either the set of 
of each component. In this particular data measurement, ele- three time delays or a set of two associated net time delays 
merit number 112 is located behind should be considered to be within the scope of the present 
the radius 108. In this presently preferred embodiment of the 25 imenti0, F~~ example, it may be useful in certain embodi- 

the time the ww is determined ments to use a ratio of two net tirne delays in estimating bone 
lyzing waveforms from a set of receiver elements which are mass, geometry, strength, andor fracture risk. In other cases, 
located between theulna 106 andradius 108, i.e., located over 

it may be preferred to use other nonlinear (or even linear) 
a soft tissue only portion ofthe forearm. A waveform received 
by such an element (number 114) is shown in FIG. 10. i\s may 3o combinations of two net time delays or of the three time 
be there are no detectable CW or DW components, In It be that the measured time 
the presently preferred embodiment of the invention, three or the net time can be used to estimate not 

sets of receiver elements and associated waveforms are used mass and density but geometric 
to produce estimates of T, , T, and T,, respectively. The time aspects of the bone, as well as bone strength, bone quality and 
delay estimates are obtained by averaging the estimates of the 35 fracture risk. This can be done with any of the methods 
individual time delays associated with each set of elements. It disclosed herein. 
should be appreciated that the signals associated with a set of It should be further understood that although in the pres- 
receiver elements will generally produce different time delay ently preferred embodiment an array transducer is used to 
estimates due to noise and other variations. Therefore, in the obtain the set of bony member output signals and the associ- 
~ r e s e n t l ~   referred embodiment of the invention, a weighted 40 ated set ofthree time delays, other embodiments are possible 
average is used to obtain time delay estimates associated with and shouldbe considered to be within the scope ofthe present 
the three propagation pathways described supra, with the invention, For example, two single element transducers can 
weighting based on the amplitude of the received signal com- be ~r~~~~~~ in through transmission mode and mechanically 
ponent. It should also be understood that the time delay of a scalllled over the bony member to obtain a set of bony mem- 
received signal component is the time that it takes for that 45 

ber output signals. This mechanical scanning can be achieved 
signal component to travel through the bony member, and 
may be computed by any of the variety of well-known meth- for example, by moving the transducers in a coupling bath 

(e,g,, locatillg a specific reference poinr on a received within plastic containers on both sides of the bony member. 

waveform). Alternatively, only one of the transducers may be scanned 

In an embodiment of the invention, the set of 50 while the other may be fixed in space. Finally, althoughinthe 

bony-member output signals is used to obtain an estimate of presently preferred embodiment, a large single elanent red- 

a width of a bone. In the presently preferred angular source transducer is utilized with a large rectangular 
embodiment, the width of a radius in a foream (i,e,, a bony linear array receiver, other arrangements should be consid- 
member) is estimated by analyzing amplitude of the soft eredto be withinthe scope ofthe present invention. These will 
tissue ("water-wave") component of the received ultrasound 55 include but not be limited to any combination of 1D or 2D or 
signal, and locating the element where the water-wave ampli- single element transducers operating in through transmission 
tude is reduced to 30% of its peak value (peak with respect to mode that allow measurement of three signals that have 
all the elements). This located ("edge") element determines propagated through the three pathways in the bony member 
the location of an edge of the radius. The set of time delays described supra. In this regard, the transducers may be 
associated with the direct wave are then processed to locate 60 focused or unfocussed, and phased or not phased, in any 
the center of the radius (i.e., the center ofthe radius is located combination of features. This should be considered to also 
at the position of the receiver ("central") element having the include a pair of single element transducers neither of which 
largest amplitude for the direct wave component). Radius size move ("fixed"), that can in also be used to estimate the set of 
is then obtained as twice the distance from the edge element three time delays and a pair of net time delays associated with 
to the center element. It should be appreciated that bone size 65 a bony member. In this alternative embodiment utilizing a 
or width can be estimated using a variety of techniques and fixed transducer pair, the three time delays are obtained from 
processing methods and should all be considered to be within a single received bone-oriented signal. 
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Therefore it should be understood that the method of the hol in a concentration in water of 70%, with 3-5 drops of the 
invention is described by: surfactant Chlorhexidine Gluconate. However, the present 

A method of non-invasive and quantitative assessment of invention should be understood to include any combination of 
the status of a bone in a bony member in vivo for at least water, alcohol, and wetting agent (surfactant) in any concen- 
one of the quantities, bone-mineral density, bone mass, 5 trations including 0 to 100 percent for each of the three 
cortical thickness, cross-sectional area, medullar thick- ingredients. Thus in an alternative embodiment, pure water is 
ness, bone width, bone geometry, bone strength and used. In addition, although in the presently preferred embodi- 
bone fracture risk, comprising the steps of ment, the liquid is sprayed onto the transducers and the skin, 

(a) acoustically coupling a first transducer and a second other methods of application should be considered to be 
transducer to nearby skin on opposite sides of said bony 10 within the scope of the present invention. For example, a 
member; dropper may be used to apply the liquid. Alternatively, an 

(b) generating anultrasound signal and directing saidultra- electric pump may be used to spray the liquid onto the skin, 
sound signal from said first transducer to said second trans- the transducers, or both. Therefore, the invention should be 
ducer through said bony member to obtain at least one bone- understood to include any method or apparatus used to apply 
oriented output signal; 15 the liquid to the transducer andor skin. It should also be 

(c) processing said at least one bone-oriented output signal understood as well that the liquid may be applied to only one 
to obtain at least two net time delays; and transducer, to skin on only one side of the bony member, or in 

(d) fwther processing said at least two net time delays, any combination (e.g., both transducers, skin on both sides of 
whereby an estimate of said at least one of the quantities, bony member, both transducers and skin on only one side of 
bone-mineral density, bone mass, cortical thickness, cross- 20 bony member, or one transducer and skin on both sides of 
sectional area, medullar thickness, bone width, bone geom- bony member). 
etry, bone strength and bone fracture risk, is obtained. In yet one further embodiment of the invention, both ultra- 

It should also be noted that although the invention in its sound andx-ray absorptiometry are utilized to assess bone. In 
presently preferred embodiment has the advantage of not a presently preferred embodiment of the invention, ultra- 
requiring a measurement of the distance separating the trans- 25 sound and x-ray densitometry are used at the forearm as a 
ducers, in an alternative embodiment it may be useful to do means for assessing both the bone mass and the degree of 
this (as in a case where a soft-tissue only ("WW") measure- bone mineralization. An insight of the present inventors led 
ment cannot be made). In this alternative embodiment of the them to realize that ultrasound and x-rays respond differently 
invention, the distance, d, is used with a value of the velocity, to changes in bone mass that result from cortical and trabe- 
v,, of ultrasound in soft tissue to estimate the first time delay, 30 cularporosities, cortical thicknesses, and bone size onthe one 
T,, through the equation ~,=d/v,. In this embodiment it is hand, with changes in degree of bone mineralization. There- 
therefore not necessary to measure the set of signals associ- fore, by combining both ultrasound and x-ray measurements, 
ated with the soft tissue only path in the bony member; in estimates of bone mass and degree of bone mineralization, 
other words, only two time delays need to be estimated two important factors in bone strength and fracture risk, can 
directly from the signal, as long as a distance measurement is 35 be obtained simultaneously. In a presently preferred embodi- 
also obtained. In yet one further embodiment, concurrent ment of the invention, a set of two ultrasound net time delays 
measurements of both a soft-tissue or water only component (in microseconds) are combined with a bone mass measure- 
to estimate a, and a distance measurement to estimate d are ment (made with a General Electric PIX1 (DEXA) bone den- 
made in order to also obtain (in addition to the two other time sitometer (bone mineral content in grams) and serves as input 
delays) an estimate of the soft tissue velocity associated with 40 to a neural network, whose output is degree of bone mineral- 
a specific living being (through the equation v,=d/~,). The ization and overall cortical thickness. However, it should be 
value of this velocity has in some cases been shown to be understood that any kind of linear or nonlinear processing 
related to an individual's or living being's risk of fracture. may be utilized in evaluating the degree of bone mineraliza- 

In yet a further presently preferred embodiment of the tion and cortical thickness (or any mass related feature such as 
invention, ultrasound coupling gel is not used to achieve 45 trabecular porosity). It should be fwther understood that 
acoustic coupling between the ultrasound transducers and although the x-ray and ultrasound measurements be per- 
subject's skin. Instead, a liquid consisting of water, alcohol, formed at the same site (in this embodiment the forearm, but 
and a wetting agent are utilized to ensure acoustic coupling any site may be utilized), it is also to be considered to be 
between the transducers and skin. In this presently preferred within the scope of the present invention that distinct sites can 
embodiment, the liquid is sprayed onto the transducers and 50 also be used (such as the hip for x-rays and the heel for 
skin, which has been discovered by the present inventors to ultrasound). It should also be noted that in this alternative 
provide adequate acoustic coupling. However, this embodi- embodiment, only one net time delay may be used in con- 
ment is much more convenient than gel-based systems. First, junction with an x-ray measurement. 
there is little if anything to "clean-up;" simply stated, gel is a It should also be understood that the methods and appara- 
mess to clean up. This applies to both the transducers and to 55 tus disclosed herein can be used to estimate one ormore ofthe 
the subject being measured. Second, the acoustic coupling said bone quantities, namely, bone mass, bone density, geom- 
liquid used in the presently preferred embodiment acts as etry, medullar thickness, cortical thickness, cross-sectional 
both an antiseptic and a disinfectant, both required in the area, bone width, bone size, bone quality, bone strength, and 
normal course of using a medical device. Finally, this fracture risk and not only of the bony member being ultra- 
embodiment of the invention allows the apparatus and 60 sonically interrogated, but also at a site anatomically remote 
method to be used in more "routine" settings (compared for to that site, for example, the hip and spine. 
example, with a medical clinic), such as health fairs and While several embodiments of the present invention have 
drugstores, as the liquid will dry up on its own leaving virtu- been disclosed hereinabove, it is to be understood that these 
ally no residue. It should be appreciated that a number of embodiments are given by example only and not in a limiting 
combinations of different liquids should be considered to be 65 sense. Those skilled in the art may make various modifica- 
within the scope of the present invention. In the presently tions and additions to the preferred embodiments chosen to 
preferred embodiment, the liquid consists of isopropyl alco- illustrate the invention without departing from the spirit and 
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scope of the present contribution to the art. Accordingly, it is of the bony member containing soft tissue, a cortex of 
to be realized that the patent protection sought and to be the bone and a medullary cavity of the bone and another 
afforded hereby shall be deemed to extend to the subject of said at least two net time delays comprises a differ- 
matter claimed and all equivalence thereof fairly within the ence between said second time delay T, and a third time 
scope of the invention. 5 delay T, for a third ultrasound wave to propagate through 

What is claimed is: a portion of said bony member containing soft tissue and 
1. Amethod ofnon-invasive and quantitative assessment of said cortex of the bone without entering said medullary 

the status of a bone in a bony member in vivo for at least one cavity; and 
of the quantities, bone-mineral density, bone mass, cortical means for further processing said at least two net time 
thickness, cross-sectional area, medullar thickness, bone 10 delays, whereby an estimate of said at least one of the 
width, bone geometry, bone strength and bone fracture risk, quantities, bone-mineral density, bone mass, cortical 
comprising the steps of thickness, cross-sectional area, medulla thickness, 

(a) acoustically coupling a first transducer and a second bone width, bone geometry, bone strength and bone 
transducer to nearby skin on opposite sides of said bony fracture risk is obtained. 
member; 15 5. The apparatus of claim 4, wherein said generating means 

(b) generating anultrasound signal and directing saidultra- includes a further means for measuring a distance between 
sound signal from said first transducer to said second said first transducer and said second transducer. 
transducer through said bony member to obtain at least 6. The apparatus of claim 4, wherein at least one of said first 
one bone-oriented output signal; and second transducers is an array transducer. 

(c) processing said at least one bone-oriented output signal 20 7, The apparatus of claim 4, wherein said bony member is 
to obtain at least two net time delays, wherein one of said a foream, and wherein said bone is a radius. 
at least two net time a difference 8.Amethodofnon-invasiveandquantitativeassessmentof 
betweena first time delayTl for a first wave the status of bone tissue in a bony member in vivo for at least 
propagate through a portion of the bony member 'On- one of the quantities, bone-mineral density, bone mass, cor- 
taining only soft tissue and a second time delay ~2 for a 25 tical thickness, cross-sectional area, medulla thickness, bone 
second wave propagate through a portion width, bone geometry, bone strength and bone fracture risk 
of the bony member containing soft tissue, a cortex of comprising the steps of: 
the bone and a cavity of the bone and another acoustically coupling a first transducer and a second trans- 
of said at least two net time delays comprises a differ- ducer to nearby skin on opposite sides of said bony 
ence between said second time delay T, and a third time 30 member; 
delay T, for a third ultrasound wave to propagate through 

generating an ultrasound signal and directing said ultra- 
a portion of said bony member containing soft tissue and 

sound signal from said first transducer to said second 
said cortex of the bone without entering said medullary 

transducer through said bone tissue to obtain at least one 
cavity; and 

bony member output signal; 
(d) fwther processing said at least two net time delays, 35 

whereby an estimate of said at least one of the quantities, processing said at least One member Output 

bone-mineral density, bone mass, cortical thickness, whereby an estimate ofthree time delays associated with 

cross-sectional area, medullar thickness, bone width, said bony member is obtained, a first time delay T, of 

bone geometry, bone strength and bone fracture risk, is said three time delays comprising a time for a first ultra- 

obtained. 40 
sound wave to propagate through a portion of the bony 

2. The method of claim 1 wherein said step of acoustically member containing only soft tissue, a second time delay 

coupling a first transducer and a second transducer includes T, of said three time delays comprising a time for a 

the substep of placing said first and second transducers on second ultrasound wave to propagate through a portion 

opposite sides of a forearm. of the bony member containing soft tissue, a cortex of 

3. The method of claim 1 further comprising the step of 45 
the and a cavity of the and a third 

providing an array transducer as at least one of said first time delay T, of said three time delays comprising a time 

transducer and said second transducer. for a third ultrasound wave to propagate through a por- 

4. An apparatus for non-invasive and quantitative assess- tion of said bony member containing soft tissue and said 

ment of the status of a bone in a bony-member in vivo for at cortex of the bone without entering said medullary cav- 

least one of the quantities, bone-mineral density, bone mass, 50 ity; and 
cortical thickness, cross-sectional area, medullar thickness, further processing said three time delays, whereby an esti- 

bone width, bone geometry, bone strength and bone fracture mate of said at least one of the quantities, bone-mineral 

risk comprising: density, bone mass, cortical thickness, cross-sectional 

first and second transducers including means for acousti- area, medullar thickness, bone width, bone geometry, 

cally coupling said first and second transducers to 55 bone and bone fracture risk is obtained. 

nearby skin on opposite sides of said bony-member; 9. The method of claim 8 wherein said acoustically cou- 
means for generating an ultrasound signal and directing pling includes the step of applying a liquid to saidnearb~ skin 

said ultrasound signal from said first transducer to said and said first tmnsducer and said second tmnsducer. 
second transducer through said bony-member to obtain 10. An apparatus for non-invasive and quantitative assess- 
at least one bone-oriented output signal; 60 ment of the status of a bone in a bony-member in vivo for at 

means for processing said at least one bone-oriented output least one of the quantities, bone-mineral density, bone mass, 
signal to obtain at least two net time delays, wherein one cortical thickness, cross-sectional area, medullar thickness, 
of said at least two net time delays comprises a differ- bone width, bone geometry, bone strength and bone fracture 
ence between a first time delay T, for a first ultrasound risk comprising: 
wave to propagate through a portion ofthe bony member 65 first and second transducers including means for acousti- 
containing only soft tissue and a second time delay T, for cally coupling said first and second transducers to 
a second ultrasound wave to propagate through a portion nearby skin on opposite sides of said bony-member; 
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means for generating an ultrasound signal and directing acoustically coupling a first transducer and a second trans- 
said ultrasound signal from said first transducer to said ducer to nearby skin on opposite sides of said bony 
second transducer through said bony-member to obtain member; 
at least one bone-oriented output signal; measuring a distance between said first transducer and said 

means for processing said at least one bone-oriented output 5 second transducer; 
signal to obtain three time delays, a first time delay TI of generating an ultrasound signal and directing said ultra- 
said three time delays comprising a time for a first ultra- sound signal from said first transducer to said second 
sound wave to propagate through a portion of the bony transducer through said bone tissue to obtain at least one 
member containing only soft tissue, a second time delay bony member output signal; 
'2 of said three time a time for a lo processing said at least one bony member output signal, 
second ultrasound wave to propagate through a portion whereby an estimate of at least two time delays associ- 
of the bony member containing soft tissue, a cortex of ated with said bony member is obtained, one time delay 
the bone and a medullary cavity of the bone and a third -c2 of said two time delays comprising a time for an 
time delay T, of said three time delays comprising a time ultrasound wave to propagate through a portion of the 
for a third wave to Propagate through a POr- l5 bony member containing soft tissue, a cortex of the bone 
tion of said bony member containing soft tissue and said and a medullary cavity of the bone and another time 
cortex of the bone without entering said medullary cav- delay T, of said two time delays comprising a time for 
ity; and another ultrasound wave to propagate through a portion 

means for further processing said three time delays, of said bony member containing soft tissue and said 
whereby anestimate of said at least one of the quantities, 20 ofthe bone without entering said medullary cav- 
bone-mineral density, bone mass, cortical thickness, ity; and 
cross-sectional area, medullar thickness, bone width, further processing said at least mo time delays and said 
bone geometry, bone strength and bone fracture risk is distance, whereby an estimate of said at least one of the 
obtained. quantities, bone-mineral density, bone mass, cortical 

11. The apparatus of claim 10 wherein said means for 25 thickness, cross-sectional area, medulla thickness, soft- 
acoustically coupling said first and second transducers tissue velocity, bone width, bone geometry, bone 
includes further means for applying a liquid to said first and strength and bone fracture risk is obtained. 
second transducers and to said nearby skin. 14. A method of non-invasive and quantitative assessment 

12. An apparatus for non-invasive and quantitative assess- ofthe status o fa  bone in a bony member in a living being for 
ment of the status of a bone in a bony-member in vivo for at at least one of the quanrities, bone-mineral density, bone 
least one of the quantities, bone-mineral density, bone mass, mass, cortical thickness, cross-sectional area, rnedullar thick- 
cortical thickness, cross-sectional area, medullar thickness, .,,,, bone width, bone geometry, bone mineralization, bone 
soft-tissue velocity, bone width, bone geometry, bone strength and bone fracture risk, comprising the steps of 
strength and bone fracture risk comprising: 

35 (a) acoustically coupling a first transducer and a second 
first and second transducers including means for acousti- transducer to nearby skin on opposite sides of said bony 

cally coupling said first and second transducers to member; 
nearby skin on opposite sides of said bony-member, and 
including further means to obtain a measure of a dis- (b) generating anultrasound signal and directing said ultra- 

tance between said first and second transducers; sound signal from said first transducer to said second 
40 transducer through said bony member to obtain at least 

means for generating an ultrasound signal and directing one bone-oriented output signal; 
said ultrasound signal from said first transducer to said 
second transducer through said bony-member to obtain ('1 processing said at least one bone-oriented Output 

at least one bone-oriented output signal; to obtain at least one net time delay, wherein said at least 
one net time delay comprises a difference between a 

means for processing said at least one bone-oriented output 45 
time delay -c2 for a first ultrasound wave to propagate 

signal to obtain at least two time delays, one time delay 
through a portion of the bony member containing soft 

T, of said two time delays comprising a time for an 
tissue, a cortex of the bone and a medullary cavity of the 

ultrasound wave to propagate through a portion of the 
bone and a time delay T, for a second ultrasound wave to 

bony member containing soft tissue, a cortex of the bone 
propagate through a portion of said bony member con- 

and a medullary cavity of the bone and another time 50 
taining soft tissue and said cortex of the bone without 

delay T, of said two time delays comprising a time for 
entering said medullary cavity; 

another ultrasound wave to propagate through a portion 
of said bony member containing soft tissue and said (d) obtaining an x-ray densitometric measurement of bone 

cortex of the bone without entering said medullary cav- mass of a bone in said living being; and 

ity; and 55 
(e) further processing said at least one net time delay and 

means for further processing said at least two time delays said x-ray densitometric measurement of bone mass, 

and said distance, whereby an estimate of said at least whereby an estimate of said at least one ofthe quantities, 

one of the quantities, bone-mineral density, bone mass, bone-mineral density, bone mass, cortical thickness, 

cortical thickness, cross-sectional area, medullar thick- cross-sectional area, medullar thickness, bone width, 
ness, soft tissue velocity, bone geometry, bone width, 60 bone geometry, bone mineralization, bone strength and 

bone strength and bone fracture risk is obtained. bone fracture risk, is obtained. 

13. A method ofnon-invasive and quantitative assessment 15. The method of claim 1 wherein said step of processing 
of the status of bone tissue in a bony member in viva for at said at least one bone-oriented output signal includes the 
least one of the quantities, bone-mineral density, bone mass, substep of determining a location of at least one edge of said 
cortical thickness, cross-sectional area, medullar thickness, 65 bone. 
soft-tissue velocity, bone width, bone geometry, bone 16. The apparatus of claim 4 wherein said means for pro- 
strength and bone fracture risk comprising the steps of cessing said at least one bone-oriented output signal includes 
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means for determining a location of at least one edge of said 19. The apparatus of claim 12 wherein said means for 
bone. processing said at least one bone-oriented output signal 

17. The method of claim 8 wherein said step of processing includes means for determining a location ofat least one edge 
said at least one bony member output signal includes the of said bone. 
substep of determining a location of at least one edge of said 5 20. The method of claim 13 wherein said step ofprocessing 
bone. said at least one bony member output signal includes the 

18. The apparatus of claim 10 wherein said means for substep of determining a location of at least one edge of said 
processing said at least one bone-oriented output signal bone. 
includes means for determining a location of at least one edge 
of said bone. * * * * *  
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