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(57) ABSTRACT 

The invention provides for ultrasonic methods, composi 
tions and devices, particularly methods, compositions and 
devices that provide for interrogating With ultrasonic trans 
ducer(s) at multiple transmission angles in an anatomic 
region. The invention provides for improved interrogation 
devices that reduce tissue artifacts arising from heterog 
enous structures in tissues. 
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METHODS AND DEVICES FOR IMPROVING 
ULTRASONIC MEASUREMENTS USING 
MULTIPLE ANGLE INTERROGATION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation of application 
Ser. No. 09/071,854, ?led on May 2, 1998, now US. Pat. 
No. 6,585,649, Which is a continuation of application Ser. 
No. 09/036,940, ?led on Mar. 9, 1998, now US. Pat. No. 
6,013,031, the contents of each of Which are incorporated 
herein by reference. 

TECHNICAL FIELD 

[0002] The invention relates to ultrasonic methods, com 
positions and devices, particularly methods, compositions 
and devices that provide for multiple angle interrogation 
With ultrasonic transducer(s) over an anatomical region. 

BACKGROUND 

[0003] Ultrasonic techniques are often used as methods 
free of ioniZing radiation for non-invasive assessment of 
anatomy, such as skeletal status in patients With osteoporo 
sis. Quantitative aspects of these ultrasonic techniques can 
permit assessment of bone mass and density, as Well as bone 
structure. Ultrasonic techniques for evaluating skeletal sta 
tus also include measurements of speed of sound (“SOS”) 
that re?ect the transmission velocity of ultrasonic Waves 
passing through bone tissue and soft tissue, measurements of 
broadband ultrasonic attenuation (“BUA”) that assess the 
frequency dependence of ultrasonic attenuation, and pulse 
echo techniques that measure the energy scattered from the 
internal structure of the bone. 

[0004] Many different measurement sites have been pro 
posed for osteoporosis, such as the tibia, the patella, the 
phalanges, or the calcaneus. The calcaneus is preferred for 
quantitative ultrasonic measurement of skeletal status. It is 
composed of predominantly trabecular bone With only a thin 
cortical bone envelope medially and laterally, Which 
together provide an eXcellent medium for detecting changes 
in SOS and BUA measurements. The calcaneus also permits 
convenient ultrasonic interrogation for the operator and the 
patient alike. 

[0005] Although a number of commercial devices eXist for 
diagnosis of osteoporosis, clinicians have recogniZed the 
limitations of such devices and methods. Correlations 
betWeen quantitative ultrasonic measurements and assess 
ments of bone mineral density using quantitative computed 
tomography, dual X-ray absorptiometry, and single photon 
absorptiometry have been reported to be poor at the calca 
neus, as Well as at other sites. 

[0006] In addition, ultrasonic measurements of tissue, 
particularly in the calcaneus, often suffer from heterogenous 
tissue structures. Such structures as described herein can 
interfere With interrogation, Which leads to deceased accu 
racy and precision of such measurements. 

[0007] Consequently, the inventors have recogniZed the 
need, among other things, to provide reliable ultrasonic 
devices and accurate, and qualitative or quantitative meth 
ods for ultrasonic measurements in the diagnosis of 
osteoporosis, as Well as methods and devices to generally 
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improve diagnostic tools based on ultrasonic measurements. 
The methods and devices provided herein permit, among 
other things, correction of ultrasonic parameters, such as 
speed of sound and broadband ultrasonic attenuation, for 
soft tissue structures interposed in the ultrasonic beam and 
tissue heterogeneity and variations. 

SUMMARY 

[0008] While many of the embodiments of the invention 
Will ?nd particular application in clinical measurements, 
such as BUA or SOS, and surgical procedures, such trocar 
procedures and catheter procedures, the invention provides 
for general ultrasonic devices and methods that Will be 
applicable to many clinical applications. 

[0009] The invention includes an ultrasonic system for 
multiple transmission angle ultrasonic interrogation in tis 
sues With heterogenous structures that alter ultrasonic prop 
erties. The system can comprise a ?rst ultrasonic transducer 
With an aXis of transmission in common With a second 
ultrasonic transducer, said aXis of transmission is through a 
portion of tissue suspected of having heterogenous struc 
tures that alter ultrasonic properties. The system can include 
an X, y positioner that can engage the ?rst ultrasonic 
transducer and the second ultrasonic transducer. The X, y 
positioner controllably 1) positions the ?rst ultrasonic trans 
ducer and the second ultrasonic transducer in a desired 
manner betWeen at least a ?rst and a second position While 
generally maintaining the aXis of transmission and 2) estab 
lishes predetermined transmission angles for the ?rst ultra 
sonic transducer and the second ultrasonic transducer to 
interrogate the portion of the tissue at multiple transmission 
angles through heterogenous structures in the tissue. A 
computational unit can be included that is designed to 
manage ultrasonic signal transmission and reception of the 
?rst ultrasonic transducer and the second ultrasonic trans 
ducer With either BUA or SOS or both. It may optionally be 
designed to control movement of the X, y positioner. The 
ultrasonic measurements With multiple transmission angles 
are typically improved compared to interrogation in the 
absence of multiple transmission angles. 

[0010] In addition, the invention includes an ultrasonic 
system for automated ultrasonic measurements at multiple 
transmission angles. The system comprises an ultrasonic 
transducer unit comprising 1) an ultrasonic transducer that 
can transmit and receive signals and 2) a multiple transmis 
sion angle positioner to vary the transmission angle of the 
ultrasonic transducer With respect to the plane of a tissue in 
a predetermined fashion. Preferably, the transducer unit is 
designed to vary the transmission angle Without necessarily 
changing the general position of the ultrasonic transducer 
With respect to the tissue. This alloWs the substantially same 
region to be interrogated at different angles. The system can 
include a computational unit designed to manage ultrasonic 
signal transmission and reception of the ultrasonic trans 
ducer unit and to process signals from the ultrasonic trans 
ducer unit at multiple transmission angles, for eXample 
using signal averaging, ?ltering unWanted signals or pattern 
recognition of desired types of acoustic signatures. Prefer 
ably, the computational unit is designed to process received 
ultrasonic signals from the ultrasonic transducer to generate 
at least one data set of an ultrasonic property determined at 
predetermined, multiple transmission angles. Such an ultra 
sonic property can be selected from the group consisting of 



US 2004/0127793 A1 

broadband ultrasonic attenuation, echogenicity, re?ective 
surfaces, distances from the transducer unit, speed of sound, 
and ultrasonic images. 

[0011] In addition, the invention includes an ultrasonic 
system for tissue ultrasonic interrogation for broadband 
ultrasonic attenuation at multiple transmission angles. The 
system comprises a ?rst ultrasonic transducer With an aXis of 
transmission through an anatomical region to be interrogated 
and the ?rst ultrasonic transducer is adapted for BUA and a 
second ultrasonic transducer adapted for BUA With the aXis 
of transmission through the anatomical region to be inter 
rogated, Wherein monitoring broadband ultrasonic attenua 
tion betWeen the ?rst ultrasonic transducer and the second 
ultrasonic transducer is permitted. The system includes a 
positioning unit to vary the transmission angle of the aXis of 
transmission With respect to the tissue plane. The system 
may have a computational unit designed to manage ultra 
sonic signal transmission of the ?rst ultrasonic transducer, to 
manage ultrasonic signal reception of the second ultrasonic 
transducer and to control the transmission angle of the aXis 
of transmission. Typically, the positioning unit comprises an 
X,y positioner for the ?rst ultrasonic transducer and the 
second ultrasonic transducer that can establish at least 3 
predetermined transmission angles While maintaining a 
common aXis of transmission. Preferably, the X,y positioner 
is designed to position the ?rst ultrasonic transducer and the 
second ultrasonic transducer With ?rst aXis of transmission 
at each transmission angle generally passing through the 
same anatomical region. Typically, the center of axis of 
transmission at each angle passes through an area of the 
anatomical region that is no more than about 5 to 8 cm 
squared. 
[0012] The invention also includes an ultrasonic method 
for ultrasonic interrogation at multiple transmission angles. 
The method comprises positioning, With respect to an ana 
tomical region, an ultrasonic transducer unit comprising 
either 1) a ?rst ultrasonic transducer that can transmit and 
receive signals or 2) a pair of ultrasonic transducers Where 
a ?rst member of the pair is designed to transmit signals and 
a second member of the pair is designed to receive signals. 
The methods includes interrogating the anatomical region 
With the ultrasonic transducer unit at predetermined, mul 
tiple transmission angles, and recording an ultrasonic prop 
erty of the anatomical region. The method further comprises 
storing the ultrasonic property in a storage device. 

[0013] The invention also includes an ultrasonic method 
for determining broadband ultrasonic attenuation or speed of 
sound measurements in dense tissues. The method com 
prises intrrogating a tissue at predetermined, multiple tran 
mission angles With an ultrasonic transducer unit adapted for 
either 1) broadband ultrasonic attenuation or 2) speed of 
sound measurements or both. The method includes deter 
mining dense tissue broadband ultrasonic attenuation, dense 
tissue speed of sound or both at tWo or more predetermined, 
multiple transmission angles, Wherein the determining step 
generates a dense tissue broadband ultrasonic attenuation 
value, dense tissue speed of sound value or both that is more 
indicative of broadband ultrasonic attenuation or speed of 
sound in dense tissue than interrogation in the absence of 
predetermined, multiple transmission angles. 
[0014] The invention also includes an ultrasonic method 
for generating an anatomic landmark for ultrasonic interro 
gation of an anatomical region, comprising: 
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[0015] positioning, if necessary, on the surface of a 
patient, With respect to an anatomical region, an 
ultrasonic transducer unit comprising either 1) a ?rst 
ultrasonic transducer that can transmit and receive 
signals or 2) a pair of ultrasonic transducers Wherein 
a ?rst member of the pair is designed to transmit 
signals and a second member of the pair is designed 
to receive signals, and 

[0016] interrogating the anatomical region With the 
ultrasonic transducer unit at a ?rst transmission 
angle, 

[0017] interrogating the anatomical region With the 
ultrasonic transducer unit at a second transmission 
angle, 

[0018] identifying an anatomic landmark in common 
With the signals obtained in the above steps in the 
anatomical region With an ultrasonic property of the 
anatomical region. 

[0019] The invention also includes an ultrasonic method 
for determining broadband ultrasonic attenuation or speed of 
sound measurements in dense tissues, comprising: 

[0020] interrogating a patient’s tissue With at least a 
?rst ultrasonic transducer unit at a ?rst transmission 
angle and a second ultrasonic transducer unit at a 
second transmission angle, Wherein said ?rst ultra 
sonic transducer unit and said second ultrasonic 
transducer unit are a) adapted for either 1) broadband 
ultrasonic attenuation or 2) speed of sound measure 
ments or both and b) have an angle of least about 150 
degrees betWeen said ?rst ultrasonic transducer unit 
and said second transducer unit, 

[0021] interrogating said patient’s tissue With said 
?rst ultrasonic transducer unit at a third transmission 
angle and said second ultrasonic transducer unit at a 
fourth transmission angle While maintaining an angle 
of at least about 150 degrees betWeen said ?rst 
transducer unit and said second transducer unit, and 

[0022] determining dense tissue broadband ultra 
sonic attenuation, dense tissue speed of sound or 
both for said tissue; Wherein said determining step 
generates a dense tissue broadband ultrasonic attenu 
ation value, dense tissue speed of sound value or 
both that is more indicative of broadband ultrasonic 
attenuation or speed of sound in dense tissue than in 
the absence of interrogating said patient’s tissue With 
at least said ?rst ultrasonic transducer unit at a third 
transmission angle and said second ultrasonic trans 
ducer unit at a fourth transmission angle. 

[0023] The invention also includes an ultrasonic system 
for determining broadband ultrasonic attenuation or speed of 
sound measurements in a tissue, comprising: 

[0024] a transducer unit comprising at least a ?rst 
ultrasonic transducer engaged With a ?rst multiple 
transmission angle unit to controllably vary ?rst 
transmission angles and a second ultrasonic trans 
ducer engaged With a second multiple transmission 
angle unit to controllably vary second transmission 
angles, Wherein the ?rst ultrasonic transducer unit 
and the second ultrasonic transducer unit are adapted 



US 2004/0127793 A1 

for either 1) broadband ultrasonic attenuation or 2) 
speed of sound measurements or both, and 

[0025] a computational unit for controllably adjust 
ing transmission angles of the ?rst and second trans 
ducer; Wherein the ultrasonic system Will measure 
broadband ultrasonic attenuation value, speed of 
sound value or both if so desired. 

[0026] The invention also includes a computer program 
product, comprising: 

[0027] instructions for a positioning unit to vary the 
transmission angle of a transducer or plurality of 
transducers at a plurality of transmission angles in an 
anatomical region, 

[0028] instructions for interrogating the anatomical 
region With the transducer or the plurality of trans 
ducers at the plurality of transmission angles, and 

[0029] instructions for recording at least one ultra 
sonic property at the plurality of transmission angles, 
Wherein the above instructions facilitates a clinically 
relevant measurement and such instructions are 
stored on a computer retrievable medium. 

BRIEF DESCRIPTION OF FIGURES 

[0030] FIG. 1A and FIG. 1B shoW a tissue interrogated by 
an ultrasonic transducer (140; T) that transmits to an ultra 
sonic receiver (150; R) (or detector) at different transmission 
angles and With different aXes of transmission. The aXis of 
transmission is shoWn as 0t (or [3) and has a transmission 
path from T to R. 

[0031] FIG. 1C and FIG. 1D shoW the same tissue as 
FIG. 1A and FIG. 1B in a different physiological state that 
changes the dimensions of the tissue and its underlying 
structure. The tissue is interrogated by an ultrasonic trans 
ducer (140; T) that transmits to an ultrasonic receiver (150; 
R) (or detector) at different transmission angles and With 
different aXes of transmission as in FIG. 1C and FIG. 1D. 
The aXis of transmission is shoWn as 0t (or [3) and has a 
transmission path from T to R. 

[0032] FIG. 1E shoWs received signals in such tissue in 
different physiological states and at different transmission 
angles. 

[0033] FIG. 2A shoWs an eXample of a typical prior art 
device for measuring the speed of sound or broadband 
ultrasonic attenuation in a healthy non-edematous patient. 

[0034] FIG. 2B shoWs an eXample of a typical prior art 
device for measuring the speed of sound or broadband 
ultrasonic attenuation in a patient With peripheral edema. 
Edema increases the thickness of the soft tissue inferior and 
posterior to the calcaneus. 

[0035] FIG. 3A shoWs another embodiment of the inven 
tion comprising tWo ultrasonic transducers 300 attached to 
an X-positioner 310 and a y-positioner 320. The heel 330 and 
the calcaneus 340 are seated on a foot holder 350. The 
ultrasonic transducer 300 is brought in contact With the heel 
330 using a Z-positioner member 360 that can move in and 
out of a frame 370 continuously or in a stepWise fashion. The 
ultrasonic transmission aXis 380 is also shoWn. 
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[0036] FIG. 3B is a side vieW of the ultrasonic transducer 
(T) 300, the X-positioner 310, and the y-positioner 320 
shoWn in FIG. 3A shoWing the tracks of each postioner. 
Typically, one positioner Will engage the other positioner to 
permit X, y movement either concurrently (moving in both 
directions simultaneously) or sequentially (moving in one 
dimension ?rst and then in a second dimension). 

[0037] FIG. 3C shoWs another embodiment of the inven 
tion. The ultrasonic transducers 300 are attached to a posi 
tioning system 390 that affords movement of the transducers 
in X, y-, and Z-direction, as Well as angulation of the 
transducers 300 and the resultant ultrasonic transmission 
aXis 380. The angulation position of the transducers 300 and 
the ultrasonic transmission aXis 380 is substantially Zero. 

[0038] FIG. 3D shoWs the ultrasonic transducers 300 
attached to a positioning system 390 that affords movement 
of the transducers in X, y-, and Z-direction, as Well as 
angulation of the transducers 300 and the resultant ultrasonic 
transmission aXis 380. The angulation position of the trans 
ducers 300 and the ultrasonic transmission aXis 380 is 
substantially different from Zero. 

[0039] FIG. 3E shoWs an eXpanded vieW of the embodi 
ment presented in FIGS. 3A-D. The ultrasonic transducer 
300 is attached to a positioning system 390 that affords 
movement of the transducers in X, y-, and Z-direction, as 
Well as angulation of the transducers 300. The ultrasonic 
beam 395 has substantially Zero angulation. 

[0040] FIG. 3F shoWs an eXpanded vieW of the position 
ing system 390 and the ultrasonic transducers 300 With 
inferior angulation of the ultrasonic beam 395. 

[0041] FIG. 3G shoWs a magni?cation vieW of the posi 
tioning system 390 and the ultrasonic transducers 300 With 
superior angulation of the ultrasonic beam 395. 

DETAILED DESCRIPTION OF THE 
INVENTION 

1.0 Abbreviations and De?nitions 

[0042] ABBREVIATIONS include broadband ultrasonic 
attenuation (BUA) and speed of sound (SOS). 

[0043] Acoustic communication refers to the passage of 
ultrasonic Waves betWeen tWo points in a predetermined 
manner. Usually, this is accomplished by selecting a desired 
pathWay betWeen the tWo points that permits the passage of 
ultrasonic Waves either directly or indirectly. Direct passage 
of ultrasonic Waves Would occur, for instance, When an 
ultrasonic crystal is directly disposed to (usually touching) 
an acoustic coupling material, such as a composite. Indirect 
passage of ultrasonic Waves Would occur, for instance, When 
an ultrasonic crystal is located at a predetermined distance 
from an acoustic coupling material or When a number of 
acoustic coupling materials, often heterogenous materials, 
form tWo or more layers. 

[0044] Acoustic coupler refers to a connection or plurality 
of connections betWeen an ultrasonic crystal and a substance 
that re?ects or passes ultrasonic pulses and is not part of the 
device or object being interrogated. The acoustic coupler 
Will permit passage of ultrasonic Waves. It is desirable for 
such couplers to minimiZe attenuation of ultrasonic pulses or 
signals and to minimiZe changes in the physical properties of 
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an ultrasonic Wave, such as Wave amplitude, frequency, 
shape and Wavelength. Typically, an ultrasonic coupler Will 
either comprise a gel or other substantially soft material, 
such as a pliable polymer matriX, that can transmit ultrasonic 
pulses. 
[0045] Acoustic coupling material is a material that passes 
ultrasonic Waves, usually from a probe to a subject or tissue 
to be interrogated it is usually not a living material and is 
most often a polymer or gel or acoustic coupler. 

[0046] Acoustic mirror refers to a device that can re?ect 
an ultrasonic Wave and redirect the ultrasonic Wave in a 
predetermined manner. If the original ultrasonic Waves are 
transmitted at an angle 0t, Which is measured relative to the 
surface of the plane of the acoustic mirror, the re?ected 
ultrasonic Waves can be oriented at an angle ot‘=180°—ot 
relative to the plane of the acoustic mirror. An acoustic 
mirror(s) can be used in an ultrasonic system to vary the 
transmission angle. 

[0047] Anatomical region refers to a site on the surface of 
the skin, tumor, organ or other de?nable biomass that can be 
identi?ed by an anatomical feature(s) or location. Anatomi 
cal region can include the biomass underlying the surface. 
Usually, such a region Will be de?nable according to stan 
dard medical reference methodology, such as that found in 
Williams et al., Gray’s Anatomy, 1980. 

[0048] BUA means broadband ultrasonic attenuation and 
When measured a BUA value is expressed as dB/MHZ. Note 
that actual attenuation of broadband ultrasonic Waves 
increases as soft tissue thickness increases, While BUA 
values (dB/MHZ) decrease as soft tissue thickness increases. 
This distinction is often not recogniZed in the literature, 
Which leads to misleading or potentially misleading conclu 
sions about the effect of soft tissue on actual attenuation of 
broadband ultrasonic Waves and BUA values. 

[0049] A—scan refers to an ultrasonic technique Where an 
ultrasonic source transmits an ultrasonic Wave into an 

object, such as a patient’s body, and the amplitude of the 
returning echoes (signals) are recorded as a function of time. 
Structures that lie along the direction of propagation are 
interrogated. As echoes return from interfaces Within the 
object or tissue, the transducer crystal produces a voltage 
that is proportional to the echo intensity. The sequence of 
signal acquisition and processing of A—scan data in a 
modern ultrasonic instrument usually occurs in siX major 
steps: 

[0050] Detection of the echo (signal) occurs via 
mechanical deformation of the pieZoelectric crystal 
and is converted to an electric signal having a small 
voltage. 

[0051] Preampli?cation of the electronic signal from 
the crystal, into a more useful range of voltages is 
usually necessary to ensure appropriate signal pro 
cessing. 

[0052] Time Gain Compensation compensates for the 
attenuation of the ultrasonic signal With time, Which 
arises from travel distance. Time gain compensation 
may be user-adjustable and may be changed to meet 
the needs of the speci?c application. Usually, the 
ideal time gain compensation curve corrects the 
signal for the depth of the re?ective boundary. Time 
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gain compensation Works by increasing the ampli? 
cation factor of the signal as a function of time after 
the ultrasonic pulse has been emitted. Thus, re?ec 
tive boundaries having equal abilities to re?ect ultra 
sonic Waves Will have equal ultrasonic signals, 
regardless of the depth of the boundary. 

[0053] Compression of the time compensated signal 
can be accomplished using logarithmic ampli?cation 
to reduce the large dynamic range (range of smallest 
to largest signals) of the echo amplitudes. Small 
signals are made larger and large signals are made 
smaller. This step provides a convenient scale for 
display of the amplitude variations on the limited 
gray scale range of a monitor. 

[0054] Recti?cation, demodulation and envelope 
detection of the high frequency electronic signal 
permits the sampling and digitiZation of the echo 
amplitude free of variations induced by the sinusoi 
dal nature of the Waveform. 

[0055] Rejection level adjustment sets the threshold 
of signal amplitudes that are permitted to enter a data 
storage, processing or display system. Rejection of 
loWer signal amplitudes reduces noise levels from 
scattered ultrasonic signals. 

[0056] B—scan refers to an ultrasonic technique Where the 
amplitude of the detected returning echo is recorded as a 
function of the transmission time, the relative location of the 
detector in the probe and the signal amplitude. This is often 
represented by the brightness of a visual element, such as a 
piXel, in a tWo-dimensional image. The position of the piXel 
along the y-aXis represents the depth, i.e. half the time for the 
echo to return to the transducer (for one half of the distance 
traveled). The position along the X-aXis represents the loca 
tion of the returning echoes relative to the long aXis of the 
transducer, ie the location of the piXel either in a supero 
inferior or mediolateral direction or a combination of both. 
The display of multiple adjacent scan lines creates a com 
posite tWo-dimensional image that portrays the general 
contour of internal organs. 

[0057] Chip refers to any current and future electronic 
hardWare device that can be used in a computational unit and 
can be used as an aid in controlling the components of an 
ultrasonic unit including: 1) timing and synchroniZing trig 
ger pulses and subsequent transmission of ultrasonic Waves, 
2) measuring and analyZing incoming ultrasonic signals, 3) 
comparing data to predetermined standards and data cut-offs 
(e.g. electronic ?ltering), and 4) performing multiple other 
simple and complex calculations. Typically, a chip is silicon 
based, micro-electronic ciruit. 

[0058] Computational unit refers to any current or future 
hardWare, softWare (e.g. computer program), chip or other 
device used for calculations or for providing instructions 
noW developed or developed in the future. The computa 
tional unit may be used for controlling the ultrasonic gen 
erator or source, for de?ning or varying the ?ring rate and 
pulse repetition rate (as Well as other parameters related to 
the ultrasonic generator or source), for measuring the 
re?ected signal, for image reconstruction in B—scan mode 
and for ?ltering and thresholding of the ultrasonic signal. 
Other applications of the computational unit to the methods 
and devices described herein Will be recogniZed by those 
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skilled in the art. The computational unit may be used for 
any other application related to this technology that may be 
facilitated With use of computer softWare or hardWare. The 
computational unit may comprise a computer program prod 
uct With instructions to control the ultrasonic system. Such 
computer program products may be stored in storage 
devices, such as hard drives, ?oppy discs, electronic storage 
devices or any other storage device capable of relible storage 
and retrieval of information (including electronic signals). 

[0059] Detector refers to any structure capable of measur 
ing an ultrasonic Wave or pulse, currently knoWn or devel 
oped in the future. Crystals containing dipoles are typically 
used to measure ultrasonic Waves. Crystals, such as pieZo 
electric crystals, shift in dipole orientation in response to an 
applied electric current. If the applied electric current ?uc 
tuates, the crystals vibrate to cause an ultrasonic Wave in a 
medium. Conversely, crystals vibrate in response to an 
ultrasonic Wave that mechanically deforms the crystals, 
Which changes dipole alignment Within the crystal. This, in 
turn, changes the charge distribution to generate an electric 
current across a crystal’s surface. Electrodes connected to 
electronic circuitry sense a potential difference across the 
crystal in relation to the incident mechanical pressure. A 
transducer can be a detector. 

[0060] Echogenicity refers to the brightness of a tissue in 
an ultrasonic image relative to the adjacent tissues, typically 
on a B-scan image. Echogenicity is dependent on the amount 
of ultrasonic Waves re?ected by the tissue. Certain tissues 
are more echogenic than other tissues. Fatty tissue, for 
eXample, is more echogenic than muscle tissue. For identical 
imaging parameters, fatty tissue Will thus appear brighter 
than muscle tissue. Consequently, image brightness can be 
used to identify different tissues. 

[0061] Frame time, When used in the conteXt of position 
ing an ultrasonic source, refers to the time that is required to 
move an ultrasonic source from a ?rst to a second position 

(or other additional positions) and back using a mechanical 
motor or other current and future devices. Frame time 
typically ranges from 10 ms to 2,000 ms. 

[0062] Linear array refers to a transducer design Where the 
crystals are arranged in a linear fashion along one or more 
aXes. Crystals can be ?red in sequential, as Well as non 
sequential and simultaneous ?ring patterns or a combination 
thereof. With sequential ?ring, each crystal can produce an 
ultrasonic beam and receive a returning echo for data 
collection. The number of crystals in one array usually 
determines the number of lines of sight for each recording. 
With segmental ?ring, a group or segment of crystals can be 
activated simultaneously resulting in a deeper near ?eld and 
a less divergent far ?eld compared With sequential activa 
tion. A segmental linear array produces, hoWever, a smaller 
number of lines of sight When compared to a sequential 
linear array With the same number of crystals. 

[0063] Mechanically connected refers to a connection 
betWeen tWo or more mechanical components, such as an 
ultrasonic source having at least tWo transmission positions. 
A mechanical connection betWeen tWo transmission posi 
tions may be accomplished using a mechanical motor to 
rotate or move an ultrasonic source. Optionally, the ultra 
sonic source can be rotated or moved on a track to vary the 
transmission angle. 
[0064] Mechanical motor refers to any device that can 
move a device, such as the ultrasonic source, from at least 
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a ?rst to a second position and, if desired, to additional 
positions. A mechanical motor may employ a spring-like 
mechanism to move the ultrasonic source from the ?rst to 
the second position. A mechanical motor may also employ 
a hydraulic, a magnetic, an electromagnetic mechanism or 
any other current and future mechanism that is capable of 
moving the ultrasonic source from a ?rst to a second 
position. 
[0065] Programmed mechanical motor refers to any motor 
controlled by a program, such as a program in a chip or 
computer. Such motors include mechanical, electrical or 
hydraulic devices to move an ultrasonic source from a ?rst 
to a second position, and if desired to additional positions. 
The program usually de?nes the frame time that the 
mechanical motor moves the ultrasonic source from a ?rst to 
a second position and back. If more than tWo positions are 
used, the program can move the ultrasonic source to many 
different positions, as desired. 

[0066] Oscillate refers to moving the ultrasonic source 
repetitively from a ?rst to a second position or other addi 
tional positions and moving it back from the second position 
or other additional positions. Oscillating from the ?rst to the 
second position and back may be achieved using a mechani 
cal motor. Typically, transducers Will be oscillated to vary 
the transmission angle. 

[0067] Osteoporosis refers to a condition characteriZed by 
loW bone mass and microarchitectural deterioration of bone 
tissue, With a consequent increase of bone fragility and 
susceptibility to fracture. Osteoporosis presents most com 
monly With vertebral fractures due to the decrease in bone 
mineral density and deterioration of structural properties of 
the bone. The most severe complication is hip fracture due 
to its high morbidity and mortality. 

[0068] Plane refers to the surface of a cross-sectional area 
of tissue interrogated by an ultrasonic probe. In ultrasonic 
measurements, the portion of the tissue included in the 
measurement or image is more accurately referred to as a 
volume. The X-dimension of this volume re?ects the length 
of the tissue plane, i.e. the length of imaged tissue. The 
X-dimension typically varies betWeen 1 and 10 cm or more. 
The y-dimension of this volume re?ects tissue depth from 
the plane, eg the distance from the skin surface to a 
re?ection point in the tissue. Interrogation of the y-dimen 
sion (or depth of the interrogation) depends, among other 
things, on the type of transducer, the type of tissue, and the 
frequency With Which the ultrasonic beam is transmitted. 
With higher frequencies, tissue penetration decreases and 
the maXimum depth from the tissue plane Will decrease. The 
y-dimension typically varies betWeen 1 and 30 cm. The 
Z-dimension corresponds to the Width of the plane that is 
interrogated. It typically varies betWeen 1 and 15-20 mm. It 
is understood that such dimensions are in reference to 
ultrasonic signals and interrogation. In addition, X, y, and Z 
dimensions are also used With different meaning in the 
conteXt of positioning probes, and devices for locating 
probes in different areas of an anatomical region. 

[0069] Transmission angle refers to the angle of an ultra 
sonic beam that intersects the object or tissue plane. The 
transmission angle is normally measured With respect to the 
object or tissue plane. The object or tissue plane has a 
reference angle of Zero degrees. For eXample, as the trans 
mission angle increases toWard 90 degrees relative to the 
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tissue plane, the ultrasonic beam approaches an orthogonal 
position relative to the tissue plane. Preferably, ultrasonic 
measurements are initiated When the ultrasonic beam is 
orthogonal to the plane of the tissue. Typically, the trans 
mission angle is varied in a predetermined and controllable 
manner in order to interrogate anatomical region as a 
function of a preselected transmission angle(s). Varying the 
transmission angle is particularly useful for ultrasonic meth 
ods used for BUA and SOS measurements. Transmission 
angle can be varied by changing the position of a transducer 
With respect to the object to be interrogated. 

[0070] First position refers to a position of an ultrasonic 
source (or transducer) that detects or transmits an ultrasonic 
signal or pulse, respectively. Typically, the ?rst position Will 
have a predetermined transmission angle associated With it 
(e.g. 90, 80, 70 or 60 degrees). BUA and SOS can also be 
measured at the ?rst position and if desired compared With 
measurements from other positions, particularly positions 
that vary the transmission angle. 

[0071] Second position refers to a position of an ultrasonic 
source (or transducer) that transmits or detects an ultrasonic 
pulse or signal, respectively and having either a different 
transmission angle from the ?rst position or a different 
anatomical location than the ?rst position. It is understood 
that the second position may have the same anatomical 
location as the ?rst position While having a different trans 
mission angle compared to the ?rst position. Typically, the 
?rst position Will have a predetermined transmission angle 
associated With it (e.g. 90, 80, 70 or 60 degrees). BUA and 
SOS can also be measured at the second position and if 
desired compared With measurements from other positions. 
In some applications it Will be desirable for the ?rst and 
second positions to generally have the same anatomical 
location While varying the transmission angle. Additional 
positions can be readily achieved by relocating the ultra 
sonic source to either vary the anatomical location of 
interrogation or the transmission angle. 

[0072] Transmission frequency refers to the frequency of 
the ultrasonic Wave that is being transmitted from the 
ultrasonic source. Transmission frequency typically ranges 
betWeen 0.2 MHZ and 25 MHZ. Higher frequencies usually 
provide higher spatial resolution. Tissue penetration 
decreases With higher frequencies. LoWer transmission fre 
quencies are generally characteriZed by loWer spatial reso 
lution With improved tissue penetration. 
[0073] Ultrasonic pulse refers to any ultrasonic Wave 
transmitted by an ultrasonic source. Typically, the pulse Will 
have a predetermined amplitude, frequency, and Wave 
shape. Ultrasonic pulses may range in frequency betWeen 20 
kHZ and 20 MhZ or higher. Ultrasonic pulses may consist of 
sine Waves With single frequency or varying frequencies, as 
Well as single amplitudes and varying amplitudes. In addi 
tion to sine Waves, square Waves or any other Wave pattern 
may be employed. Square Waves may be obtained by adding 
single-frequency sine Waves to other sine Waves. The sum 
mation of Waves can then result in a square Wave pattern. 

[0074] Ultrasonic signal refers to any ultrasonic Wave 
measured by an ultrasonic detector after it has been re?ected 
from the interface of an object or tissue. Ultrasonic signals 
may range in frequency betWeen 20 kHZ and 20 MhZ or 
higher. 
[0075] Ultrasonic source refers to any structure capable of 
generating an ultrasonic Wave or pulse, currently knoWn or 
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developed in the future. Crystals containing dipoles are 
typically used to generate an ultrasonic Wave above 20 khZ. 
Crystals, such as pieZoelectric crystals, that vibrate in 
response to an electric current applied to the crystal can be 
used as an ultrasonic source. In some ultrasonic generators, 
multiple ultrasonic sources may be arranged in a linear 
fashion. This arrangement of ultrasonic sources is also 
referred to as a linear array. With linear arrays, ultrasonic 
sources are typically ?red sequentially, although simulta 
neous ?ring of groups of adjacent ultrasonic sources or other 
?ring patterns of individual or groups of ultrasonic sources 
With various time delays can be achieved as described herein 
or developed in the art. The time delay betWeen individual 
or group ?rings can be used to vary the depth of the beam 
in an object. 

[0076] Ultrasonic Wave refers to either an ultrasonic signal 
or pulse. 

2.0 Introduction 

[0077] The present invention recogniZes for the ?rst time 
that errors arising from heterogenous tissue structure in 
ultrasonic measurements of speed of sound and broadband 
ultrasonic attenuation of trabecular and cortical bone can be 
reduced or corrected by measuring BUA or SOS at different 
transmission angles. Previously, it Was not recogniZed that 
ultrasonic measurements at predetermined transmission 
angles can be used to correct measured SOS and BUA values 
for errors introduced by overlying soft tissues. Nor Was it 
recogniZed that tissue heterogenity is a potential source of 
decreased accuracy and reproducibility of SOS and BUA 
measurements in patients With peripheral edema undergoing 
diuretic or other types of medical treatment of edema With 
resultant ?uctuations in tissue heterogenity. The present 
invention includes measuring BUA and SOS using various 
transmission angles to reduce artifacts imposed by variations 
in tissue structure that can affect BUA and SOS measure 
ments. The present invention also includes applying appro 
priate corrections to SOS and BUA based on ultrasonic 
measurements at predetermined, multiple transmission 
angles. 
[0078] Without limiting aspects of the invention to a 
particular mechanism of action, the inventors believe that 
the poor correlations betWeen quantitative ultrasonic tech 
niques and other methods for assessing bone mineral density 
are often caused by structural variations in the interrogated 
tissue (including the interrogated bone) With respect to the 
position of the ultrasonic transducers. Sources of such 
interrogation artifacts include variations in the thickness of 
the posterior or inferior heel pads, variations in Water 
content, variations in extracellular matriX density or content 
(e.g. protein), variations in soft-tissue organiZation, varia 
tions in cortical bone density or structure, and variations in 
trabecular bone density or structure. Such variations in 
tissue structure can affect transmission of ultrasonic Waves 
or pulses from the transmitter to the detector in other tissues 
as Well. Ultrasonic measurements of the tissue can also vary 
even if the transducer is reproducibly located at an interro 
gation site because ultrasonic transmission through the tis 
sue’s structure may change as a function of position or 
transmission angle. In all cases, differences in the tissue 
structures interposed in the ultrasonic beam path can ulti 
mately change the speed of sound and broadband ultrasonic 
attenuation as Well as other ultrasonic properties. 
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[0079] In addition, interrogation artifacts in SOS and BUA 
measurements are particularly pronounced in patients With 
abnormally increased soft tissue thickness that is commonly 
encountered in patients suffering from peripheral edema due 
to cardiovascular, renal, or hepatic disorders. Previous Work 
failed to recognize that soft tissue sWelling or ?uctuations in 
soft tissue thickness in patients With peripheral edema 
changes the acoustic properties of the interrogated tissue. 
The inventors Were the ?rst to recogniZe that changes in 
ultrasonic properties of interrogated tissue induced by local 
or generaliZed soft tissue sWelling or ?uctuations in soft 
tissue physiology can reduce short-term and long-term in 
vivo precision of SOS and BUA measurements. The inven 
tors Were also the ?rst to recogniZe that soft tissue sWelling 
induced changes in ultrasonic properties of interrogated 
tissue overlying bone can be particularly signi?cant in 
patients With edema undergoing diuretic or other types of 
medical treatment of edema With resultant ?uctuations in 
soft tissue physiology or homeostasis. 

[0080] For example, FIG. 1A through FIG. 1D illustrate 
tissue structure variations that can lead to acoustic variations 
in ultrasonic measurements due to changes in the interro 
gation path. Three types of tissue structure variations are 
present in such ?gures: 1) soft tissue structure heterogenity 
(as shoWn FIG. 1A through FIG. 1D), 2) dense tissue 
heterogenity (compare for example FIG. 1A With FIG. 1C) 
and 3) tissue structure variations due to changes in the 
physiology of the tissue (compare FIG. 1A With FIG. IC). 

[0081] FIG. 1A and FIG. 1B shoW a tissue interrogated by 
an ultrasonic transducer (140; T) that transmits to an ultra 
sonic receiver (150; R) (or detector) at different transmission 
angles and With different axes of transmission. The axis of 
transmission is shoWn as 0t (or [3) and has a transmission 
path from T to R. The transmission path passes through the 
tissue comprising skin (100), soft tissue (represented as 
White), locations of organiZed biomaterial (110) With acous 
tic properties different from that of the extracellular ?uid in 
the soft tissue (e.g. differences in echogenicity, scatter, SOS, 
BUA, or re?ection), amorphous, insoluble biomaterial 
deposits (120) With acoustic properties different from that of 
the extracellular ?uid in the soft tissue (e.g. differences in 
echogenicity, scatter, SOS, BUA, or re?ection), and dense 
tissue (130) With acoustic properties different from that of 
the extracellular ?uid in the soft tissue. Comparison of the 
transmission paths of FIG. 1A and FIG. 1B shoWs that the 
transmission path traverses tissue structures With different 
acoustic properties. Hence, the ultrasonic measurements, 
such as the BUA or SOS, Will not be the same depending on 
the transmission path, Which can be changed by either 
varying the transmission angle or the axis of transmission in 
an anatomical region. 

[0082] In addition, the transmission path from R to T 
traverses tissue structures With different acoustic properties 
in a spatial or time order that is different from the transmis 
sion path from T to R. Hence, the ultrasonic measurements, 
such as the BUA or SOS, Will not be the same depending on 
the direction of the transmission path, Which can be changed 
by either varying the direction of transmission in an ana 
tomical region from T to R or from R to T. 

[0083] FIG. 1C and FIG. 1D shoW the same tissue as 
FIG. 1A and FIG. 1B in a different physiological state that 
changes the dimensions of the tissue and its underlying 
structure. The tissue is interrogated by an ultrasonic trans 
ducer (140; T) that transmits to an ultrasonic receiver (150; 
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R) (or detector) at different transmission angles and With 
different axes of transmission as in FIG. 1C and FIG. 1D. 
The axis of transmission is shoWn as 0t (or [3) and has a 
transmission path from T to R. The transmission path passes 
through the tissue comprising skin (100), soft tissue (repre 
sented as White), locations of organiZed biomaterial (110) 
With acoustic properties different from that of the extracel 
lular ?uid in the soft tissue (e.g. differences in echogenicity, 
scatter, SOS, BUA, or re?ection), amorphous, insoluble 
biomaterial deposits (120) With acoustic properties different 
from that of the extracellular ?uid in the soft tissue (e.g. 
differences in echogenicity, scatter, SOS, BUA, or re?ec 
tion), and dense tissue (130) With acoustic properties dif 
ferent from that of the extracellular ?uid in the soft tissue. 
Comparison of the transmission paths of FIG. 1A and FIG. 
1C shoWs that the transmission path traverses tissue struc 
tures With different acoustic properties due to the different 
physiological states in the tissue at different times. Hence, 
the ultrasonic measurements, such as the BUA or SOS, may 
not be the same depending on the physiological state of the 
interrogated tissue. Assessment of such differences in physi 
ological states can be more accurately determined by either 
varying the transmission angle or the axis of transmission in 
an anatomical region. FIG. 1E shoWs received signals in 
such tissue in different physiological states and at different 
transmission angles. 

[0084] By Way of introduction, and not limitation of the 
various embodiments of the invention, the invention 
includes at least four general aspects: 

[0085] 1) an ultrasonic method of measuring speed of 
sound and broadband ultrasonic attenuation at pre 
determined, multiple transmission angles; 

[0086] 2) a method of correcting measured speed of 
sound and broadband ultrasonic attenuation for 
errors introduced by soft tissues interposed in the 
beam path betWeen the ultrasonic transducers and the 
object to be measured using predetermined, multiple 
transmission angles; 

[0087] 3) an ultrasonic method reducing the artifacts 
from variations in tissue structure that alter ultra 
sonic properties or the ultrasonic transmission path 
by measuring ultrasonic properties at predetermined, 
multiple transmission angles; and 

[0088] 4) devices and systems to achieve or facilitate 
the methods 1 through 3. 

[0089] These aspects of the invention, as Well as others 
described herein, can be achieved using the methods and 
devices described herein. To gain a full appreciation of the 
scope of the invention, it Will be further recogniZed that 
various aspects of the invention can be combined to make 
desirable embodiments of the invention. For example, the 
aspects 1 and 3 of the invention can be combined thereby 
improving reproducibility of measurements of SOS and 
BUA even further. 

3.0 Automated System for Interrogating at Multiple 
Transmission Angles Using Ultrasonic Transducers 

and Related Methods 

[0090] Predetermined Axis of Transmission and Auto 
mated Multiple Transmission Angle System 

[0091] The present invention includes an ultrasonic sys 
tem for ultrasonic interrogation of tissue at multiple trans 






























