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(57) ABSTRACT 

Provided herein is a method for use in medical applications 
that permits (1) affordable three-dimensional imaging of 
blood flow using a low-profile easily-attached transducer pad, 
(2) real-time blood-flow vector velocity, and (3) long-term 
unattended Doppler-ultrasound monitoring in spite of motion 
of the patient or pad. The pad and associated processor col 
lects and Doppler processes ultrasound blood Velocity data in 
a three dimensional region through the use of a planar phased 
array of piezoelectric elements. The invention locks onto and 
tracks the points in three-dimensional space that produce the 
locally maximum blood velocity signals. The integrated coor 
dinates of points acquired by the accurate tracking process is 
used to form a three-dimensional map of blood vessels and 
provide a display that can be used to select multiple points of 
interest for expanded data collection and for long term con 
tinuous and unattended blood flow monitoring. The three 
dimensional map allows for the calculation of vector velocity 
from measured radial Doppler. 
A thinned array (greater than half-wavelength element spac 
ing of the transducer array) is used to make a device of the 
present invention inexpensive and allow the pad to have a low 
profile (fewer connecting cables for a given spatial resolu 
tion). The full aperture is used for transmit and receive so that 
there is no loss of sensitivity (signal-to-noise ratio) or 
dynamic range. Utilizing more elements (extending the 
physical array) without increasing the number of active ele 
ments increases the angular field of view. A further increase is 
obtained by utilizing a convex non-planar Surface. 
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Athin flexible, bundle of cables makes a 90-degree turn to exit the padhousing parate to the planar phased 
array transducer so that the pad can be easily attached 
to the head of a trauma victim or surgicatpatient. 
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Screen Display 
A thin flexible bundle of cables makes a 90-degree turn 
to exit the pad housing parallel to the planar phased 
array transducer so that the pad can be easily attached 
to the head of a trauma victim or surgical patient. 

FIG. 1 

  

  

  

  

  

  

    

  

  

  

  

    

  

  

  

  

    

  

  
  

  

        

  

  

  



Patent Application Publication Oct. 30, 2008 Sheet 2 of 36 US 2008/0269609 A1 

L 
Y 
D 

FIG. 2B 

FIG. 2 

Color Video 
TCD Array Monitor 

Desk-top PC 

Processor 
Mainboard 
come 
CCC 

4 s vs 9 8 d e du 4 U 9 d d a t d did 8 d 4 a s a n e o a e a a so e p 

    

  

    

  

  



Patent Application Publication 

3 cm 

3.6 cm 

1.5 cm. 

Oct. 30, 2008 Sheet 3 of 36 

Half power contour 
of transmitted beam 

3 cm 

Half power contour 
of central receive beam 

US 2008/0269609 A1 

FG. 4 

-1.5 - 1 -0.5 O O.5 
ac = (d/X) sin 69 

-1.5 -1, -0.5 O 0.5 

acs (d/M) sin 69 

  



Patent Application Publication Oct. 30, 2008 Sheet 4 of 36 US 2008/0269609 A1 

O -A- 1 N 
-0.5 O 0.5 1 15 2 -2 -1.5 

1 

O 5 

ac=(d/A) sin 6 
FIG. 6A 

2 

-2 -1.5 -1 -0.5 O 0.5 1 1.5 
ac=(dIM) sin 6 

O 5 

-2 -1.5 -1 -0.5 0 0.5 1.5 

m acF(d/M) sin 0 
FIG. 6C 

  

  



Patent Application Publication Oct. 30, 2008 Sheet 5 of 36 US 2008/0269609 A1 

ac=(dIM) sin 0 

FIG. 7 

  



Patent Application Publication Oct. 30, 2008 Sheet 6 of 36 US 2008/0269609 A1 

-2 -1.5 -1 -0.5 - 0 0.5 1.5 2 
a F(dTM) sin 6 

FIG. 8A 

-2 -1.5 -1 -0.5 0 0.5 1.5 2 
ac=(dIM) sin 9 

FIG. 8B 

-2 -1.5 - -0.5 0 05 1.5 2 
ac=(d/M) sin 6 
FG. 8C 

  

  



Patent Application Publication Oct. 30, 2008 Sheet 7 of 36 US 2008/0269609 A1 

Digital Down-Conversion MHz 
to Baseband. Decimation 
and Formatting 

element 1 

3.9 S.2 MHz Puises element 4 
at 10 kHz PRF 

PRF Trigger 
(from Processor) 

== Programmable 
Waveform 

RX 
element 64 

  



Patent Application Publication Oct. 30, 2008 Sheet 8 of 36 US 2008/0269609 A1 

is 0 fs/2 fs 2fs fo 

sha,nlanana 
fs O fs/2 fs 2fs fo 

fo=2 MHz=2fs' fs/2 D. fs=888.9 kHz 

-1 fi?h in 1 in 1-1 
fs 0 fs/2 fs 2fs fo 

a ?1 filth ?1 ? 11 
2r -r 0 2 4r 



Patent Application Publication Oct. 30, 2008 Sheet 9 of 36 US 2008/0269609 A1 

(FrontView) Side View elevation elevation 
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(FrontView) Side View elevation elevation 
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array transducer so that the pad can be easily attached 
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(Front View) SideView elevation elevation 
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DEVICES AND METHODS FORTRACKING 
BLOODFLOW AND DETERMINING 
PARAMETERS OF BLOODFLOW 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a continuation of U.S. applica 
tion Ser. No. 10/831,547 filed Apr. 23, 2004, which is a 
continuation in part of U.S. application Ser. No. 10/327.265 
filed Dec. 20, 2002, which is a continuation-in-part of U.S. 
application Ser. No. 09/926,666, now U.S. Pat. No. 6,682, 
483, which is a National Phase Application of International 
Application No. PCT/US00/14691 filed May 26, 2000 and is 
based upon U.S. Provisional Application Nos. 60/136,364, 
filed 28 May 1999; 60/138,793, filed 14 Jun. 1999; and 
60/152,886, filed Sep. 8, 1999. The above-referenced U.S. 
application Ser. No. 10/327.265 claims priority to U.S. pro 
visional application Ser. No. 60/343,061. 

FIELD OF THE INVENTION 

0002 The present invention involves an ultrasound Dop 
pler method that permits non-invasive diagnosis and non 
invasive unattended, continuous monitoring of vascular 
blood flow for medical applications. The invention further 
relates to a method and a system for the digital beam forming 
at the transmit and/or receive side of a phased array trans 
ducer. 

BACKGROUND OF THE INVENTION 

0003 Blood velocity monitoring is not currently practical 
for intensive care unit (ICU) or Surgical applications. For 
non-invasive brain blood Velocity monitoring, for example, a 
transcranial Doppler (TCD) probe must be mounted in a ball 
joint that is attached to the head by a helmet. The probe must 
be carefully aimed and fastened in place by an experienced 
person who knows how to locate the middle cerebral artery. 
Slight movements cause the probe to lose the blood velocity 
signal. Moreover, conventional Doppler ultrasound probes 
used in these devices scan (either mechanically or by using an 
acoustic phased array) in only one angle (which we will call 
azimuth), and will map only a single slice of the object being 
imaged. 
0004 Efforts have been made to modify such devices to 
provide real-time three dimensional (3-D) imaging. However, 
in order for a two dimensional (2-D) device to provide such 
imaging normally requires thousands of elements, and must 
form many thousands of pencil beams every /30 second. 
Sensor cost grows with the number of elements in the array 
and the number of processing channels. Thus, such devices 
are cost prohibitive, as well as impractical. 
0005 Moreover, no automated procedure exists in current 
practice for precisely locating the optimum point at which to 
measure the Doppler signal. Conventional ultrasound Dop 
pler-imaging devices can only measure radial velocity in 
blood vessels, and not the vector velocity or magnitude of the 
velocity of the blood. 
0006. Accordingly, what is needed is a new and useful 
Doppler ultrasound device and method that can automatically 
locate the optimum point at which to measure the Doppler 
signal, and thus provide medical providers with parameters 
Such as vector Velocity, the Volume of blood passing through 
the blood vessel and the Doppler spectral distribution of the 
blood flow. 
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0007 What is also needed is a new and useful Doppler 
ultrasound device and method that does not require it be 
placed on a patient with precision, and will enable a patient 
wearing the device to move freely. 
0008. The citation of any reference herein should not be 
construed as an admission that Such reference is available as 
“Prior Art” to the instant application. 

SUMMARY OF THE INVENTION 

0009. There is provided, in accordance with the present 
invention, a new, useful, and—unobvious method of deter 
mining parameters of blood flow, Such as vector Velocity, 
blood flow volume, and Doppler spectral distribution, using 
Sonic energy (ultrasound) and a novel thinned array. Also 
provided is a novel method of tracking blood flow and gen 
erating a three dimensional image of a blood vessel of interest 
that has much greater resolution than images produced using 
heretofore known ultrasound devices and methods. 
0010 Broadly, the present invention extends to a method 
for determining a parameter of blood flow in a blood vessel of 
interest, comprising the steps of: 

0.011 a) providing an array of sonic transducer ele 
ments, wherein the element spacing in the array is 
greater than, equal or less than a half wavelength of the 
Sonic energy produced by the elements, wherein at least 
one element transmits Sonic energy, and a portion of the 
elements receive Sonic energy; 

0012 b) directing sonic energy produced by the at least 
one element of the array into a volume of the subject's 
body having the blood vessel of interest, 

0013 c) receiving echoes of the sonic energy from the 
volume of the subject's body having the blood vessel of 
interest: 

0.014 d) reporting the echoes to a processor pro 
grammed to: 
00.15 i) Doppler process the echoes to determine 
radial velocity of the blood flowing in the blood vessel 
of interest; 

0016 ii) calculate a three dimensional position of 
blood flow in the vessel of interest; and 

0017 iii) calculate the parameter of blood flow in the 
blood vessel at the three dimensional position calcu 
lated in step (ii); and 

0.018 (e) displaying the parameter on a display monitor 
that is electrically connected to the processor. 

0019 Moreover, a method of the present invention permits 
an operator examining a Subject to obtain information on 
blood flow in a particular region of the blood vessel of inter 
eSt. 

0020. As used herein, the phrases -element spacing and 
“distance between the elements' can be used interchangeably 
and refer to the distance between the center of elements of an 
array. 
0021 Various methods can be used to determine the three, 
dimensional position of blood flow. In a particular embodi 
ment, the method comprises the steps of having the processor 
programmed to: 

0022 i) determine a sum beam, an azimuth difference 
beam and an elevation difference beam from the echoes 
received from the blood vessel of interest; 

0023 ii) modulate the directions of the transmitted and 
received Sonic energy based upon the Sum, azimuth dif 
ference and elevation difference beams in order to lock 
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on to the highest Doppler energy calculated from echoes 
from the flow of blood in the blood vessel of interest, and 

0024 iii) calculate the three dimensional position of the 
highest Doppler energy from the blood flow in the vessel 
of interest. 

0025 Optionally, the processor can also be programmed 
to determine at least one additional beam having an angle 
between the azimuth difference beam and the elevation dif 
ference beam prior to modulating the directions of the trans 
mitted and received Sonic energy, wherein the at least one 
additional beam is used to modulate the directions of the 
transmitted and received Sonic energy. Naturally, the angle of 
the at least one additional beam can vary. In a particular 
embodiment, the at least one additional beam is at an angle 
that is orthogonal to the blood vessel of interest. 
0026. Moreover, the present invention extends to a method 
as described above, wherein steps (b) through (e) are periodi 
cally repeated so that the three dimensional position of blood 
flow in the vessel of interest is tracked, and the parameter of 
blood flow is periodically calculated and displayed on the 
display monitor. In a particular embodiment, the period of 
time between repeating steps (b) through (e) is sufficiently 
short so that the parameter being measured remains constant, 
e.g., 20 milliseconds. 
0027. The present invention further extends to a method 
for determining a parameter of blood flow in a particular 
region of a blood vessel of interest, comprising the steps of: 

0028 a) providing an array of sonic transducer ele 
ments, wherein the element spacing in the array is 
greater than, equal or less than a half wavelength of the 
Sonic energy produced by the elements, wherein at least 
one element transmits Sonic energy, and a portion of the 
elements receive Sonic energy; 

0029 b) directing sonic energy produced by the at least 
one element of the array into a volume of the subject's 
body having the particular region of the blood vessel of 
interest, 

0030 c) receiving echoes of the sonic energy from the 
volume of the subject's body having the particular 
region of the blood vessel of interest; 

0031 d) reporting the echoes to a processor pro 
grammed to 
0032) i) Doppler process the echoes to determine 
radial velocity Of the blood flowing in the particular 
region of the blood vessel of interest; 

0033 ii) calculate a three dimensional position of 
blood flow in the particular region of the blood vessel 
of interest; and 

0034 iii) calculate the parameter of blood flow in the 
particular region of the blood vessel of interest at the 
three dimensional position calculated in step (ii); and 

0035 (e) displaying the parameter on a display monitor 
that is electrically connected to the processor. 

0036) A particular method of calculating the three dimen 
sional position of blow flow in such a method of the present 
invention comprises having the processor programmed to: 

0037 i) determine a sum beam, an azimuth difference 
beam and an elevation difference beam from the echoes 
received from the particular region of the blood vessel of 
interest; 

0038 ii) modulate the directions of the transmitted and 
received Sonic energy based upon the Sum, azimuth dif 
ference and elevation difference beams in order to lock 
on to the highest Doppler energy calculated from echoes 
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received from the flow of blood in the particular region 
of the blood vessel of interest, and 

0.039 iii) calculate the three dimensional position of the 
highest Doppler energy from the blood flow in the par 
ticular region of the blood vessel of interest. 

0040. As explained above, at least one additional beam 
can also be determined and used to calculate the three dimen 
sional position. 
0041 Furthermore, the present invention extends to a 
method for determining a parameter of blood flow in a blood 
vessel of interest, comprising the steps of 

0042 (a) providing an array of Sonic transducer ele 
ments, wherein the element spacing in the array is 
greater than, equal or less than a half wavelength of the 
Sonic energy produced by the elements, wherein at least 
one element transmits Sonic energy, and a portion of 
elements receive Sonic energy; 

0.043 (b) directing sonic energy produced by the at least 
one element of the array into a volume of the subject's 
body having the blood vessel of interest, 

0044 (c) receiving echoes of the sonic energy from the 
volume of the subject's body having the blood vessel of 
interest; 

0.045 d) reporting the echoes to a processor electrically 
connected to the elements of the array, wherein the pro 
cessor is programmed to: 
0046 i) Doppler process the echoes to determine 
radial velocity of the blood flowing in the blood vessel 
of interest; 

0047 ii) determine a sum beam, an azimuth differ 
ence beam and an elevation difference beam from the 
echoes received from the blood vessel of interest; 

0048 iii) modulate the directions of the transmitted 
and received Sonic energy based upon the Sum, azi 
muth difference and elevation difference beams in 
order to lock on to the highest Doppler energy calcu 
lated from echoes from the flow of blood in the blood 
vessel of interest, 

0049 iv) calculate the three dimensional position of 
the highest Doppler energy from the blood flow in the 
vessel of interest; and 

0050 V) calculate the parameter of blood flow in the 
blood vessel at the three dimensional position calcu 
lated in step (iv); and 

0051 (e) displaying the parameter on a display monitor 
that is electrically connected to the processor. 

0052. As explained above, an operator performing a 
method of the present invention can obtain blood flow param 
eters from a blood vessel of interest, and even from a particu 
lar region of a blood vessel of interest. 
0053 Moreover, the present invention extends to a method 
for determining a parameter of blood flow in a particular 
region of a blood vessel of interest, comprising the steps of: 

0.054 a) providing an array of sonic transducer ele 
ments, wherein the element spacing in the array is 
greater than, equal or less than a half wavelength of the 
Sonic energy produced by the elements, wherein at least 
one element transmits Sonic energy, and a portion of the 
elements receive Sonic energy; 

0.055 b) directing sonic energy produced by the at least 
one element of the array into a volume of the subject's 
body having the particular region of the blood vessel of 
interest, 
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0056 c) receiving echoes of the sonic energy from the 
volume of the subject's body having the particular 
region of blood vessel of interest; 

0057 d) reporting the echoes to a processor electrically 
connected to the elements of the array, wherein the pro 
cessor is programmed to 
0.058 i) Doppler process the echoes to determine 
radial velocity of the blood flowing in the particular 
region of the blood vessel of interest; 

0059 ii) determine a sum beam, an azimuth differ 
ence beam and an elevation difference beam from the 
echoes received from the particular region of the 
blood vessel of interest; 

0060 iii) modulate the directions of the transmitted 
and received Sonic energy based upon the Sum, azi 
muth difference and elevation difference beams in 
order to lock on to the highest Doppler energy calcu 
lated from echoes from the flow of blood in the par 
ticular region of the blood vessel of interest, 

0061 iv) calculate the three dimensional position of 
the highest Doppler energy from the blood flow in the 
particular region of the blood vessel of interest; and 

0062 v) calculate the parameter of blood flow in the 
particular region of the blood vessel at the three 
dimensional position calculated in step (iv); and 

0063 (e) displaying the parameter on a display monitor 
that is electrically connected to the processor. 

0064. In another embodiment, the present invention 
extends to a device for determining a parameter of blood flow 
in a blood vessel of interest, comprising: 

0065 (a) an array ofsonic transducer elements, wherein 
the element spacing in the array is greater than, equal or 
less thana half wavelength of the Sonic energy produced 
by the elements, and at least one element transmits Sonic 
energy and a portion of the elements receive Sonic 
energy. 

0.066 (b) a processor electrically connected to the array 
so that echoes received from a volume of the subject's 
body having the blood vessel of interest due to directing 
Sonic energy produced by the at least one element of the 
array into the Subject's body is reported to the processor, 
wherein the processor is programmed to: 
0067 i) Doppler process the echoes to determine 
radial velocity of the blood flowing in the blood vessel 
of interest; 

0068 ii) calculate a three dimensional position of 
blood flow in the blood vessel of interest; and 

0069 iii) calculate the parameter of blood flow in the 
blood vessel of interest at the three dimensional posi 
tion calculated in step (ii); and 

0070 (c) a display monitor that is electrically connected 
to the processor which displays the parameter of blood 
flow calculated by the processor. 

0071. A parameter of blood that can be determined with a 
device of the present invention includes blood flow volume, 
vector velocity, Doppler spectral distribution, etc. The param 
eter being measured can be an instantaneous value, or an 
average value determined over a heart cycle. 
0072 Moreover, the present invention extends to a device 
as described above, wherein the processor is programmed to: 

0073 i) determine a sum beam, an azimuth difference 
beam and an elevation difference beam from the echoes 
received from the blood vessel of interest after Doppler 
processing the echoes; 
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0.074 ii) modulate the directions of the transmitted and 
received Sonic energy based upon the Sum, azimuth dif 
ference and elevation difference beams in order to lock 
on to the highest Doppler energy calculated from echoes 
from the flow of blood in the blood vessel of interest, 

0075 iii) calculate the three dimensional position of the 
highest Doppler energy from the blood flow in the vessel 
of interest; and 

0.076 iv) calculate the parameter of blood flow in the 
blood vessel of interest at the three dimensional position 
calculated in (iii). 

0077 Optionally, a processor of a device of the present 
invention can be further programmed to determine at least 
one additional beam having an angle between the azimuth 
difference beam and the elevation difference beam prior to 
modulating the directions of the transmitted and received 
Sonic energy, wherein the at least one additional beam is used 
to modulate the directions of the transmitted and received 
Sonic energy. In a particular embodiment, the at least one 
additional beam is at an angle that is orthogonal to the blood 
vessel of interest. 
0078 Moreover, in another embodiment of a device of the 
present invention, the distance between the elements of the 
array is greater than /2 the wavelength of the Sonic energy 
generated by the at least one element. 
007.9 Furthermore, the present invention extends to a 
device for determining a parameter of blood flow in a blood 
vessel of interest, comprising: 

0080 (a) anarray ofsonic transducer elements, wherein 
the element spacing in the array is greater than, equal or 
less than a half wavelength of the Sonic energy produced 
by the elements, and at least one element transmits Sonic 
energy, and portion of the elements receive Sonic energy; 

0081 b) processor electrically connected to the array so 
that echoes received from a volume of the subject's body 
having the blood vessel of interest due to directing Sonic 
energy produced by the at least one element of the array 
into the subject's body is reported to the processor, 
wherein the processor is programmed to: 
I0082 i) Doppler process the echoes to determine 

radial velocity of the blood flowing in the blood vessel 
of interest; 

I0083) ii) calculate a three dimensional position of 
blood flow in the blood vessel of interest; and 

I0084 iii) calculate the parameter of blood flow in the 
blood vessel of interest at the three dimensional posi 
tion calculated in step (ii) 

0085 (c) a display monitor that is electrically connected 
to the processor which displays the parameter of blood 
flow calculated by the processor. 

I0086 Particular parameters of blood flow that can be 
determined with a device of the present invention include, but 
certainly are not limited to blood flow volume, vector veloc 
ity, and Doppler spectral distribution. The parameter being 
measured can be an instantaneous value, or an average value 
determined over a heart cycle. 
I0087. In addition, a processor of a device of the present 
invention can be further programmed to determine at least 
one additional beam having an angle between the azimuth 
difference beam and the elevation difference beam prior to 
modulating the directions of the transmitted and received 
Sonic energy, wherein the at least one additional beam is used 
to modulate the directions of the transmitted and received 
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Sonic energy. In a particular embodiment, the at least one 
additional beam is at an angle that is orthogonal to the blood 
vessel of interest. 
0088 Moreover, the present invention extends to a method 
for generating a three dimensional image using Sonic energy 
of a blood vessel of interest in a subject, the method compris 
ing the steps of 

I0089 (a) providing an array of sonic transducer ele 
ments, wherein the element spacing in the array is 
greater than, equal or less than a half wavelength of the 
Sonic energy produced by the elements, wherein at least 
one element transmits Sonic energy, and a portion of the 
elements receive Sonic energy; 

0090 (b) directing sonic energy produced by the at least 
one element of the array into a volume of the subject's 
body having the blood vessel of interest, 

0091 (c) receiving echoes of the sonic energy from the 
volume of the subject's body having the blood vessel of 
interest; 

0092 (d) reporting the echoes to a processor pro 
grammed to 
0093 i) Doppler process the echoes to determine 
radial velocity of the blood flowing in the blood vessel 
of interest; 

0094) ii) calculate a three dimensional position of 
blood flow in the blood vessel of interest; 

0.095 iii) repeat steps (i) through (ii) to generate a 
plurality of calculated three dimensional positions; 
and 

0096 vi) generate a three dimensional image of the 
blood vessel of interest from the plurality of calcu 
lated three dimensional positions; and 

0097 (e) displaying the three dimensional image on a 
display monitor that is electrically connected to the pro 
CSSO. 

0098. Furthermore, the present invention permits an 
operator utilizing a method of the present invention to gener 
ate a three dimensional image of not only a blood vessel in the 
body, but even a particular region of a blood vessel in the 
body. 
0099. Numerous means available for calculating the three 
dimensional position of a blood vessel and even a particular 
portion of a blood vessel are encompassed by the present 
invention. A particular means comprises having the pro 
grammed processor: 

0100 i) determine a sum beam, an azimuth difference 
beam and an elevation difference beam from the echoes 
received from the blood vessel of interest after Doppler 
processing the echoes; 

0101 ii) modulate the directions of the transmitted and 
received Sonic energy based upon the Sum, azimuth dif 
ference and elevation difference beams in order to lock 
on to the highest Doppler energy calculated from echoes 
from the flow of blood in the blood vessel of interest, and 

0102 iii) calculate the three dimensional position of the 
highest Doppler energy from the blood flow in the vessel 
of interest, and 

0103 iv) repeat steps (i) through (iii) to generate a plu 
rality of calculated three dimensional positions. 

0104 Optionally, a processor of a method of the present 
invention can also be programmed to determine at least one 
additional beam having an angle between the azimuth differ 
ence beam and the elevation difference beam prior to modu 
lating the directions of the transmitted and received Sonic 
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energy, and the at least one additional beam is also used to 
modulate the directions of the transmitted and received sonic 
energy, and calculate the three dimensional position of the 
highest Doppler energy. In a particular embodiment, the at 
least one additional beam is at an angle that is orthogonal to 
the blood vessel of interest. 

0105. The present invention also extends to a method for 
generating a three dimensional image of a blood vessel of 
interest in a Subject using Sonic energy, the method compris 
ing the steps of 

0106 (a) providing an array of sonic transducer ele 
ments, wherein the element spacing in the array is 
greater than, equal or less than a half wavelength of the 
Sonic energy produced by the elements, wherein at least 
one element transmits Sonic energy, and a portion of the 
elements receive Sonic energy; 

0.107 (b) directing sonic energy produced by the at least 
one element of the array into a volume of the subject's 
body having the blood vessel of interest, 

0.108 (c) receiving echoes of the sonic energy from the 
volume of the subject's body having the blood vessel of 
interest; 

0.109 (d) reporting the echoes to a processor pro 
grammed to 
0110 i) Doppler process the echoes to determine 
radial velocity of the blood flowing in the blood vessel 
of interest; 

0111 ii) determine a sum beam, an azimuth differ 
ence beam and an elevation difference beam from the 
echoes received from a portion of the blood vessel of 
interest; 

0112 ii) modulate the directions of the transmitted 
and received Sonic energy based upon the Sum, azi 
muth difference and elevation difference beams in 
order to lock on to the highest Doppler energy calcu 
lated from echoes from the flow of blood in the blood 
vessel of interest, 

0113 iv) calculate the three dimensional position of 
the highest Doppler energy from the blood flow in the 
vessel of interest; and 

0114 V) repeat steps (i) through (iv) to generate a 
plurality of calculated three dimensional positions; 

0115 vi) generate a three dimensional image of the 
blood vessel of interest from the plurality of calcu 
lated three dimensional positions; and 

0116 (e) displaying the three dimensional image on a 
display monitor that is electrically connected to the pro 
CSSO. 

0117 Optionally, the three dimensional image can be of a 
particular region of a blood vessel of interest. Moreover, a 
processor of a method described herein can also determine at 
least one additional beam having an angle between the azi 
muth difference beam and the elevation difference beam prior 
to modulating the directions of the transmitted and received 
Sonic energy, and the at least one additional beam is also used 
to modulate the directions of the transmitted and received 
Sonic energy, and calculate the three dimensional position of 
the highest Doppler energy. Angles for use with the at least 
one additional beam are described above. 

0118 Moreover, in another embodiment of the present 
invention, the distance between the elements of the array is 
greater than /2 the wavelength of the Sonic energy generated 
by the at least one element. 



US 2008/0269609 A1 

0119 Furthermore, the present invention extends to a 
device generating a three dimensional image of a blood vessel 
of interest in a Subject using Sonic energy, comprising: 

I0120 (a) an array ofsonic transducer elements, wherein 
the element spacing in the array is greater than, equal or 
less thana half wavelength of the Sonic energy produced 
by the elements, and at least one element transmits Sonic 
energy, and a portion of the elements receive Sonic 
energy. 

I0121 (b) a processor electrically connected to the array 
so that echoes received from a volume of the subject's 
body having the blood vessel of interest due to directing 
Sonic energy produced by the at least one element of the 
array into the Subject's body is reported to the processor, 
wherein the processor is programmed to: 
0.122 i) Doppler process the echoes to determine 
radial velocity of the blood flowing in the blood vessel 
of interest; 

I0123 ii) calculate a three dimensional position of 
blood flow in the blood vessel of interest; 

0.124 iii) repeat steps (i) through (ii) to generate a 
plurality of calculated three dimensional positions; 

0.125 V) generate a three dimensional image from the 
plurality of calculated three dimensional positions, 
and 

0.126 (c) a display monitor that is electrically connected 
to the processor which displays the three dimensional 
image. 

0127. As explained above, a device of the present inven 
tion permits an operator to generate and display three dimen 
sional images of a blood vessel of interest, and even of a 
particular region of a blood vessel that the operator wants to 
investigate closely. Moreover, in a particular embodiment, a 
processor of a device of the present invention can be pro 
grammed to calculate the three dimensional position of a 
blood vessel by: 

I0128 i) determining a sum beam, an azimuth difference 
beam and an elevation difference beam from the echoes 
received from the blood vessel of interest after Doppler 
processing the echoes; 

I0129 ii) modulating the directions of the transmitted 
and received Sonic energy based upon the Sum, azimuth 
difference and elevation difference beams in order to 
lock on to the highest Doppler energy calculated from 
echoes from the flow of blood in the blood vessel of 
interest, 

0.130 iii) calculating. the three dimensional position of 
the highest Doppler energy from the blood flow in the 
vessel of interest; and 

I0131 iv) repeat steps (I) through (iii) in order to gener 
ate a plurality of calculated three dimensional positions 
used to generate the three dimensional image. 

0132 Optionally, the processor can be programmed to 
further determine at least one additional beam having an 
angle between the azimuth difference beam and the elevation 
difference beam prior to modulating the directions of the 
transmitted and received Sonic energy, wherein the at least 
one additional beam is used to modulate the directions of the 
transmitted and received Sonic energy. The angle between the 
azimuth difference beam and the elevation difference beam of 
the additional beam can vary. In a particular embodiment, the 
at least one additional beam is at an angle that is orthogonal to 
the blood vessel of interest. 
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I0133. Furthermore, the present invention extends to a 
thinned array for use in an ultrasound device, comprising a 
plurality of Sonic transducer elements, wherein the element 
spacing in the array is greater than a half wavelength of the 
Sonic energy produced by the elements, and the elements are 
positioned and sized within the array, and Sonic energy is 
electronically steered by the elements so that any grating 
lobes produced by the Sonic energy are Suppressed. In a 
particular embodiment, the elements positioned and sized so 
that they are flush against each other. 
0.134 Hence, the current invention performs blood veloc 
ity monitoring by collecting Doppler data in three dimen 
sions; azimuth, elevation, and range (depth); so that the point 
(in three dimensional space) at which the velocity is to be 
monitored can be acquired and tracked when the patient or the 
sensor moves. The invention also produces a three dimen 
sional map of the blood flow and converts measured radial 
velocity to true vector velocity. 
0.135 Moreover, in this invention, once the desired signal 

is found, it will be precisely located and continually tracked 
with accuracy far better than the resolution. A heretofore 
unknown method to achieve Sub-resolution tracking and 
mapping involves a novel and unobvious extension of a pro 
cedure called “monopulse'. Monopulse tracking has been 
used in military applications for precisely locating and track 
ing a point target with electromagnetic radiation. However, it 
has never been utilized in connection with Sonic waves to 
determine the velocity of moving fluids in vivo. 
0.136. This invention provides: (1) affordable three-di 
mensiortal imaging of blood flow using a low-profile easily 
attached transducer pad, (2) real-time vector Velocity, and (3) 
long-term unattended Doppler-ultrasound monitoring in spite 
of motion of the patient or pad. None of these three features 
are possible with current ultrasound equipment or technol 
Ogy. 

0.137 The pad and associated processor collects and Dop 
pler processes ultrasound blood Velocity data in a three-di 
mensional region through the use of a two-dimensional 
phased array of piezoelectric elements on a planar, cylindri 
cal, or spherical Surface: 
0.138. Through use of unique beam forming and tracking 
techniques, the invention locks onto and tracks the points in 
three-dimensional space that produce the locally maximum 
blood velocity signals. The integrated coordinates of points 
acquired by the accurate tracking process is used to form a 
three-dimensional map of blood vessels and provide a display 
that can be used to select multiple points of interest for 
expanded data collection and for long term continuous and 
unattended blood flow monitoring. The three dimensional 
map allows for the calculation of vector velocity from mea 
sured radial Doppler. 
0.139. In a particular embodiment, a thinned array (greater 
than half wavelength element spacing of the transducer 
array), is used to make a device of the present invention 
inexpensive and allow the pad to have a low profile (fewer 
connecting cables for a given spatial resolution). The array is 
thinned without reducing the receiver area by limiting the 
angular field of view. The special 2-0 phased array used in this 
invention makes blood velocity monitoring inexpensive and 
practical by (1) forming the beams needed for tracking and for 
re-acquiring the blood Velocity signal and by (2) allowing for 
an element placement that is significantly coarser than normal 
half-wavelength element spacing. The limited range of angles 
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that the array must search allows for much less than the 
normal half wavelength spacing without reducing the total 
receiver area. 
0140 Grating lobes due to array thinning can be reduced 
by using wide bandwidth and time delay steering. The array, 
or at least one element of the array, is used to sequentially 
insonate the beam positions. Once the region of interest has 
been imaged and coarsely mapped, the array is focused at a 
particular location on a particular blood vessel for measure 
ment and tracking. Selection of the point or points to be 
measured and tracked can be based on information obtained 
via mapping and may be user guided or fully automatic. 
Selection can be based, for example, on peak response within 
a range of Doppler frequencies at or near an approximate 
location. 

0141. In the tracking mode a few receiver beams are 
formed at a time: Sum, azimuth difference, elevation differ 
ence, and perhaps, additional difference beams, at angles 
other than azimuth (0 degrees) and elevation (=90 degrees). 
Monopulse is applied at angles other than 0 and 90 degrees 
(for example 0, 45,90, and 135 degrees) in order to locate a 
vessel in a direction perpendicular to the vessel. When the 
desired (i.e. peak) blood Velocity signal is not in the output, 
this is instantly recognized (e.g., a monopulse ratio, formed 
after Doppler filtering, becomes nonzero) and the array is 
used to track (slow movement) or re-acquire (fast movement) 
the desired signal. Re-acquisition is achieved by returning to 
step one to form and Doppler-process a plurality of beams in 
order to select the beam (and the time delay or “range gate') 
with the most high-Doppler (high blood velocity) energy. 
This is followed by post-Doppler monopulse tracking to lock 
a beam and range gate on to the exact location of the peak 
Velocity signal. In applications such as transcranial Doppler, 
where angular resolution based on wavelength and aperture 
size is inadequate, fine mapping is achieved, for example, by 
post-Doppler monopulse tracking each range cell of each 
vessel, and recording the coordinates and monopulse-pair 
angle describing the location and orientation of the 
monopulse null. With a three-dimensional map available, true 
vector velocity can be computed. For accurate vector flow 
measurement, the monopulse difference is computed in a 
direction orthogonal to the vessel by digitally rotating until a 
line in the azimuth-elevation or C-Scan display is parallel to 
the vessel being monitored. The aperture is more easily 
rotated in Software (as opposed to physically rotating the 
transducer array) if the aperture is approximately circular (or 
eliptical) rather than square (orrectangular). Also, lower side 
lobes result by removing elements from the four corners of a 
square or rectangular array in order to make the array an 
Octagon. 
0142. In this invention, as long as (1) a blood vessel or (2) 
a flow region of a given Velocity can be resolved by finding a 
3-D resolution cell through which only a single vessel passes, 
that vessel or flow component can then be very accurately 
located within the cell. Monopulse is merely an example of 
one way to attain such sub-resolution accuracy (SRA). Other 
methods involve “super-resolution” or “parametric' tech 
niques used in “modern spectral estimation', including the 
MUSIC algorithm and autoregressive modeling, for example. 
SRA allows an extremely accurate map of 3-D flow. 
0143 Furthermore, the present invention utilizes post 
Doppler, Sub-resolution tracking and mapping; it does Dop 
pler processing first and uses only high Doppler-frequency 
data. 
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0144. This results in extended targets since the active ves 
sels approximate “lines' as opposed to “points'. In three 
dimensional space, these vessels are resolved, one from 
another. At a particular range, the monopulse angle axis can 
be rotated (in the azimuth-elevation plane) so that the “line' 
becomes a “point in the monopulse angle direction. That 
point can then be located by using Super-resolution tech 
niques or by using a simple technique Such as monopulse. By 
making many such measurements an accurate 3-D map of the 
blood vessels results. 
0145 Methods for extending the angular field of view of 
the thinned array (that is limited by grating lobes) include (1) 
using multiple panels of transducers with multiplexed pro 
cessing channels. (2) convex V-shaped transducer panels, (3) 
cylindrical shaped transducer panel, (4) Spherical shaped 
transducer panel, and (5) negative ultrasound lens. If needed, 
moving the probe and correlating the Sub-images can create a 
map of an even larger region. 
0146 Active digital beam forming can also be utilized, but 
the implementation depends on a choice to be made between 
wideband and narrowband implementations. If emphasis is 
on high resolution mapping of the blood vessels, then a wide 
bandwidth (e.g., 50% of the nominal frequency) is used for 
fine range resolution. If emphasis is on Doppler spectral 
analysis, measurement, and monitoring, the map is only a 
tool. In this case, a narrowband, low cost, low range-resolu 
tion, high sensitivity implementation might be preferred. A 
wideband implementation would benefit in performance 
(higher resolution, wider field of view, and reduced grating 
lobes) using time-delay steering while a narrowband imple 
mentation would benefit in cost using phase-shift steering. 
The invention can thus be described in terms of two preferred 
implementations. 
0.147. In a wideband implementation, time delay steering 
can be implemented digitally for both transmit and receive by 
over-sampling and digitally delaying in discrete sample inter 
vals. In a narrowband implementation, (1) phase steering can 
be implemented digitally (digital beam forming) for both 
transmit and receive, and (2) bandpass sampling (sampling at 
a rate lower than the signal frequency) can be employed with 
digital down-conversion and filtering. 
0.148. Accordingly, it is an object of the present invention 
to locate the point in three dimensional space having the 
greatest high-Doppler energy, and determining coordinates 
for that point. With that information, and the radial velocity of 
the blood flowing through the blood vessel at that point, a 
variety of blood flow parameters can be calculated at that 
point, including, but not limited to vector velocity of blood 
flow, volume of blood flow, or Doppler spectral distribution. 
The parameter being measured can be an instantaneous value, 
or an average value determined over a heart cycle. 
0149. It is also an object of the present invention to con 
tinuously track and map in vivo the point in three dimensional 
space having the greatest Doppler-energy, and using the coor 
dinates to generate a three dimensional image of a blood 
vessel and blood flow therein that possess a much greater 
resolution than images generated using heretofore known 
Doppler ultrasound methods and devices. 
0150. It is yet another object of the present invention to 
provide a thinned array which does not utilize the number of 
element transducers as are required with heretofore known 
Doppler ultrasound devices. As a result, the decreased num 
ber of elements in the array decreases size of the array utilized 
and provides a patient being analyzed with mobility that 
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would not be available if using conventional ultrasound 
devices to obtain blood flow parameters such as vector veloc 
ity, blood flow volume, and Doppler spectral distribution. The 
parameter being measured can be an instantaneous value, or 
an average value determined over a heart cycle. 
0151. These and other aspects of the present invention will 
be better appreciated by reference to the following drawings 
and Detailed Description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0152 FIG. 1 illustrates the Blood Flow Mapping Monitor 
in use with a Transcranial Doppler Probe, as an example. 
0153 FIG.2 shows a 64-element bistatic ultrasound trans 
ducer array example, where, with D=2d, the same elements 
are reconfigured differently for transmit and receive during 
the acquisition phase of operation. FIG. 2(a) shows the 
Receive Configuration, where all 64 elements receive at once. 
FIG. 2 (b) shows the Transmit Configuration, where, during 
acquisition. the 16 Sub-apertures transmit one at a time. 
0154 FIG. 3 is an example overall block diagram of a 
blood flow mapping monitor embodiment. 
0155 FIG. 4 illustrates ultrasound beam coverage for the 
TCD array example of FIG. 2. The left illustration shows 25 
digitally beam-formed beams, as an example. On the right, is 
shown, for that example, the manner in which the transmit 
beam encompasses 21 receive beams in the acquisition mode. 
0156 FIG.5 shows one-dimensional patterns for a bistatic 
transducer array with D-2 das in FIG. 2. FIG. 5a (top) shows 
the transmit element pattern. FIG.5b shows the receive Ele 
ment Pattern and Array Pattern with the receiver beam steered 
to broadside (x=0). The Array Pattern has Grating Lobes 
(Receiver Ambiguities). FIG.5c shows the resultant two-way 
beam pattern (product of all three patterns above). The Grat 
ing Lobes are suppressed. 
(O157 FIG. 6 is the same as FIG. 5, with the receive array 
beam steered to X=0.2. 
0158 FIG. 7 shows the Two-way pattern of a receiver 
beam steered to the half power point (x=0.2). This is FIG. 6c 
plotted in dB. 
0159 FIGS. 8A-C show a one-dimensional representation 
of the example of FIG. 4. FIG. 8A shows the product of 
transmit and receive Element Patterns. FIG. 8B plots a set of 
five receive beams showing Grating Lobes of the Thinned 
Array. FIG. 8C plots the resultant two-way beams with Grat 
ing Lobes Suppressed. 
0160 FIG. 9 is a block diagram of one possible embodi 
ment of the Transmit-Receive Electronics for a Bistatic Ultra 
Sound Imaging Sensor and Blood Monitoring Monitor. 
0161 FIG. 10 shows the receiver channel signal spectrum 
illustrating functions performed by the FPGA of FIG. 9 on 
each of the 64 received signals for a narowband case. 
0162 FIG. 11 shows the geometry involved in using azi 
muth monopulse to more accurately determine the cross 
range location of a vessel. The range resolution is better than 
the cross-range resolution and the measured radial velocity 
field or color flow map has been utilized to rotate and orient 
the azimuth and elevation axes so that the center of the vessel 
is vertical, at approximately Zero azimuth. The black circular 
cylinder represents the location of all points within the spatial 
resolution cell that have a particular velocity. 
0163 FIG. 12 shows the geometry involved in using Dop 
pler ultrasound to determine the diameter of a vessel or the 
velocity field within the vessel. While the initial 3-D orienta 
tion of the vessel is general, a measured 3-D radial velocity 
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field or 3-D color flow map has been utilized to rotate and 
orient the azimuth and elevation axes so that the center of the 
vessel is vertical, at approximately Zero azimuth. In other 
words, the coordinate system has been rotated about the 
depth-axis so that the centerline of the vessel is in the depth 
elevation plane. This can be accomplished either by a change 
of coordinates in Software or by physically rotating the ultra 
sound probe. The black circular cylinder represents the loca 
tion of all points within the illustrated box that have a par 
ticular velocity. The diameter of the cylinder is then measured 
as the azimuth extent of a high-resolution depth-azimuth or 
B-scan image at the Doppler frequency under examination. 
(0164 FIG. 13 illustrates the Blood Flow Mapping Moni 
tor in use with a Transcranial Doppler Probe, as an example. 
0.165 FIG. 14 shows a 52-element ultrasound transducer 
array example, based on an 8 by 8 rectangular array of ele 
ments with 3 elements removed from each corner to make the 
array octagonal instead of rectangular or square. For this 
example, the elements are square (did d) and L/d=8. 
0166 FIG. 15 shows a typical pattern of electronically 
scanned beams produced by the array in FIG. 14. The beam 
width is nominally, given by the signal wavelength divided by 
the size, L, of the array. The angular field of view (F.O.V.) is 
limited by the maximum angle to which the array can be 
steered without producing grating lobes that are not suffi 
ciently attenuated by the pattern of the individual dxd ele 
ment. 

0.167 FIGS. 16A-B show one-dimensional patterns for an 
eight-element monostatic linear transducer array correspond 
ing to a column or a row in FIG. 16. FIG.16A (top) shows the 
Element Pattern and Array Pattern with the beam steered to 
broadside (x=0). The Array Pattern has Grating Lobes (Re 
ceiver Ambiguities). FIG. 16B shows the resultant beam pat 
tern. The Grating Lobes are Suppressed. 
(0168 FIGS. 17A-B are the same as FIGS. 16A-B, with the 
array beam steered to an angle at which a grating lobe exceeds 
the highest sidelobe. The thinned array of FIG. 16 should not 
be steered beyond tarcsin (W5d) (+4.7° for the example used) 
if grating lobes are to be suppressed. 
(0169 FIG. 18 shows the pattern of a beam steered to the 
point where the grating lobe problem appears. This is FIG. 
17b plotted in dB. 
(0170 FIG. 19A shows a dual 52-active-element ultra 
sound transducer array example (similar to that in FIG. 14) 
with a total of 116 elements, 52 of which are used at a time. 
FIG. 19 B shows that the two sub-arrays are in two different 
planes, tilted to reduce the overlap between beams from the 
two Sub-arrays and maximize the azimuth angular field of 
view. 
(0171 FIG. 20 shows a 52-active-element ultrasound 
transducer array example (similar to that in FIG. 14) with a 
total of 84 elements (52 of which are used at a time) and with 
a slightly convex cylindrical shape. The indicated LXL Sub 
aperture would be activated for the formation of beams 
pointed to one side. 
0172 FIG. 21 is an example overall block diagram of a 
blood flow mapping monitor embodiment. 
0173 FIG. 22 is a block diagram of one possible embodi 
ment of the analog Transmit-Receive Electronics for an Ultra 
Sound Imaging Sensor and Blood Monitor. 
0.174 FIG. 23 shows the geometry involved in using azi 
muth monopulse to more accurately determine the cross 
range location of a vessel. The measured radial velocity field 
or color flow map has been utilized to rotate and orient the 
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azimuth and elevation axes so that the center of the vessel is 
Vertical, at approximately Zero azimuth. The black circular 
cylinder represents the location of all points within the spatial 
resolution cell that have a particular velocity. 
0175 FIG.24 is a conceptual diagram illustrating the anti 
focusing technique according to an embodiment of the inven 
tion. 
(0176 FIGS. 25 (A-F) illustrate a transmitter pattern 
wherein pulses of energy are transmitted according to an 
embodiment of the invention at six different ranges and center 
focused. 

(0177 FIGS. 26 (A-F) show six different views of a com 
bined transmit/receive according to an embodiment of the 
invention. 

(0178 FIGS. 27 (A-F) show Matlab simulations of trans 
mitter patterns according to the invention, when continuous 
waves are utilized for purposes of simplification of illustra 
tion. 

(0179 FIG. 28 is a 3-D illustration of the transmitter pat 
tern illustrated in FIG. 27 (E). 
0180 FIG.29 is a timing diagram illustrating the sequenc 
ing of transmitter beam transmission according to an embodi 
ment of the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

0181. The invention involves (1) a family of ultrasound 
sensors, (2) the interplay of a set of core technologies that are 
unique by themselves, and (3) a number of design options 
which represent different ways to implement the invention. 
To facilitate an organizational understanding of this many 
faceted invention, a discussion of each of the three topics 
above follows. 

0182. The sensors addressed are all two-dimensional (i.e., 
planar or on the Surface of a convex shape Such as a section of 
a cylinder) arrays of piezoelectric crystals for use in active, 
non-invasive, instantaneous (or real-time), three-dimensional 
imaging and monitoring of blood flow. The sensors use a 
unique approach to 3-D imaging of blood velocity and blood 
flow that (1) allows for finer image resolution than would 
otherwise be possible with the same hardware complexity 
(number of input cables and associated electronics) and (2) 
allows for finer accuracy than would ordinarily be possible 
based on the resolution. The invention measures and monitors 
3-0 vector velocity rather than merely the radial component of 
velocity. 
0183 Moreover, the present invention also utilizes (1) 
array thinning with large elements and limited Scanning, (2) 
array shapes to reduce peak sidelobes and extend the field of 
coverage, (3) post-Doppler Sub-resolution tracking, (4) post 
Doppler Sub-resolution mapping, (5) additional methods for 
maximizing the angular field of view, and (6) various digital 
beam forming procedures for implementing the mapping, 
tracking, and measurement processes. The present invention 
also extends to array thinning, where the separation between 
array elements is significantly larger than half the wave 
length. This reduces the number of input cables and input 
signals to be processed while maintaining high resolution and 
sensitivity and avoiding ambiguities. In a transcranial Dop 
pler application, for example, where signal to noise and hence 
receiver array area is of paramount importance, array thin 
ning is possible without reducing the receiver array area 
because a relatively small (compared to other applications) 
angular field of view is needed 
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0.184 Thinning with full aperture area imposes limitations 
on the angular field of view Methods for expanding the field 
of view include using more elements than are active at any 
one time—For example, if the electronics are switched 
between two identical panels, the cross-range field of view at 
any depthis increased by the size of the panel. If the panels are 
pointed in slightly different directions so that overlapping or 
redundant beams are avoided, the field of view is doubled. A 
generalization of this approach involves the use of an array on 
a cylindrical or spherical Surface. 
0185. Once a section of a blood vessel is resolved from 
other vessels in Doppler, depth, and two angles (aZ and el). 
Post-Doppler Sub-resolution processing locates that section 
to an accuracy that is one-tenth to one-twentieth of the reso 
lution. This allows for precise tracking and accurate mapping. 
Tracking provides for the possibility of unattended long term 
monitoring and mapping aids the operator in selecting the 
point or points to be monitored. 
0186. Furthermore, methods of the present invention per 
mit non-invasive, continuous 25 unattended, Volumetric, 
blood vessel tracking, ultrasound monitoring and diagnostic 
device for blood flow. It will enable unattended and continu 
ous blood Velocity measurement and monitoring as well as 
3-dimensional vascular tracking and mapping using an easily 
attached, electronically steered, transducer probe that can be 
in the form of a small pad for monitoring application, when 
desired. Moreover, a device and method of the present inven 
tion have applications in measuring the parameters described 
above in any part of the body. A nonlimiting example 
described below involves a cranial application. However as 
set forth, a device and method of the present have applications 
in any pad of the body, and can be used to track and map any 
blood vessel in the body. A device of the present invention 
can, for example: 

0187. 1. Measure and continuously monitor blood 
velocity with a small low-profile probe that can be 
adhered, lightly taped, strapped, banded, or otherwise 
easily attached to the portion of the body where the 
vascular diagnosis or monitoring required. 

0188 2. Track and maintain focus on multiple desired 
blood vessels in spite of movement. 

(0189 3. Map 3-D blood flow; e.g., in the Circle of Willis 
(the central network of arteries that feeds the brain) or 
other critical vessels in the cranial volume 

0190. 4. Perform color velocity imaging and display a 
3-D image of blood flow that is rotated via track ball or 
joystick until a desired view is selected. 

0191 5. Form and display a choice of projection, slice, 
or perspective views, including (1) a projection on a 
depth-azimuth plane, a B-scan, or a downward-looking 
perspective, (2) a projection on an azimuth-elevation 
plane, a C-scan, or a forward-looking perspective, or (3) 
a projection on an arbitrary plane, an arbitrary slice, or 
an arbitrary perspective. 

0.192 6. Use a track ball and buttons to position circle 
markers on the points were measurement or monitoring 
of vector velocity is desired. 

0193 7. Move the track location along the blood vessel 
by using the trackball to slide the circle marker along the 
image of the vessel. 

0194 8. Display actual instantaneous and/or average 
vector velocity and/or estimated average volume flow. 
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0.195 9. Maintain a multi-day history and display aver 
age blood velocity versus time for each monitored vessel 
over many hours. 

0196. 10. Sound an alarm when maximum or minimum 
Velocity is exceeded or when emboli count is high; and 
maintain a log of emboli detected. 

0.197 11. Track, map, and monitor small vessels (e.g., 1 
mm in diameter), resolve vessels as close as 4 mm apart 
(for example), and locate them with an accuracy of t0.1 
mm, for example. 

0198 Moreover, as explained herein, numerous methods 
have applications in obtaining the three dimensional coordi 
nates of points along a blood vessel from echoes returned 
from the body, and are encompassed by the present invention. 
A particular nonlimiting example of Such a method having 
applications herein is a novel and unobvious variation of 
monopulse tracking. For tracking purposes utilizing 
monopulse up to nine beams are simultaneously formed for 
each transmit beam position. In addition to the “sum' beam 
that corresponds to the transmitted beam, there will either be 
4 monopulse difference beams or there will be 8 overlapping 
focused beams If a cluster of eight focused beams is used, 
these will be highly overlapped with the sum beam, and 
displaced very slightly from the sum beam, with their centers 
equally spaced on a small circle around the center of the Sum 
beam. These satellite beams would then operate in pairs to 
form four difference beams. For example, the azimuth 
Monopulse ratio can be produced in two different ways, 
which will call “Liner” and “non-linear”. The non-linear 
method will determine the magnitudes or the powers of three 
received signals, left, right, and Sum (L. R. and S), and com 
pute Ma (IL-RI)/ISI. The linear method uses complex sig 
nals and computes the azimuth monopulse ratio as the real 
part of the ratio D/S where D-L-R. D., is the azimuth 
difference. 
0199 For an ideal point target, the linear method for com 
puting M, results in an excellentestimate of the azimuth angle 
error. It also has the advantage of only requiring 4, instead of 
8 auxiliary beams. These 4 beams would be an azimuth dif 
ference beam, D, an elevation difference beam, and two 
diagonal difference beams. The individual beams, such as 
Land R, are not needed. However, beam shapes will be highly 
distorted by refraction through bone and tissue, and a “sub 
optimum non-linear approach might be more robust. 
0200 Regardless of which monopulse method is used, the 
conventional two difference beams used in radar (azimuth 
difference and elevation difference) may not be enough. The 
projection of the high-velocity data on a plane perpendicular 
to the transducer line of sight (the C-scan) will usually be a 
line, not a point. With multiple difference beams, equally 
spaced in angle, one will be approximately perpendicular to 
the C-scan projection of the vessel. The system will select the 
monopulse difference output with the largest magnitude. This 
provides an approximate orientation of the C-scan projection 
of the vessel. The corresponding monopulse ratio (provided 
the sum beam power exceeds a threshold) is used to correctly 
re-steer and maintain a beam precisely centered on that ves 
sel 
0201 If the power map output of a Wall filter is used for the 
monopulse beams, the beam outputs are power and hence a 
complex ratio is not available. In that case the nonlinear 
method would be used. An alternative is to use the complex 
wall filter output, before computing the power, with the linear 
method. During measurement, however, the output of a par 
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ticular (high velocity) FFT Doppler bin may be used for 
monopulse (provided that the magnitude or power of the Sum 
beam at that Doppler exceeds a threshold). In that case either 
the linear or the nonlinear monopulse ratio may be used. 
0202 Another alternative is to use FFT processing and 
form the monopulse ratio (linearly or non-linearly) at the 
output of a high-velocity Doppler-frequency cell with high 
Sum-beam power. For example, set a power threshold and 
select the highest (positive or negative) velocity cell with 
power that exceeds the threshold. Since the data in a single 
EFT cell is expected to be noisy, this procedure is recom 
mended for a measurement dwell, where enough time is spent 
in a single beam position to have both useable velocity reso 
lution and the ability to make several measurements (multiple 
FFT's per frame). 

FFT-Based Monopulse and Monopulse Averaging During 
Measurement 

0203. In a K pulse dwell, let K=KxK where K is the 
number of input pulses used in the FFT and K is the number 
of FFTs. Instead of performing monopulse to re-steer the 20 
beam every K. pulses, we compute the monopulse ratio at the 
output of a desired high Velocity Doppler bin, and average its 
value over 1<2 FFTs. This reduces the steering noise while 
assuring that we are locating the center of the vessel (the 
highest Doppler Energy). We chose the highest Doppler fre 
quency for which the minimum sum beam power exceeds a 
threshold, and utilize only that Doppler cell for monopulse. 
The average is best performed as a weighted average. For 
example, if D, and S are (say, elevation) difference-beam 
and sum beam outputs in the ntb FFT for the selected Doppler 
bin, we chose: 

K2 

X-S, IM, 
=l 

where M = Re{D. f.S. 

or M = 

depending on whether linear or non-linear monopulse is used. 
For linear monopulse it might be best to use only one large 
FFT (K-1). For non-linear monopulse, the expression sim 
plifies to: 

Note that because a ratio is involved (so that beam pointing 
error is not confused with signal strength) even the "linear 
method is non-linear. 
0204 A device of the present invention will allow a person 
with little training to apply the sensor and position it based on 
an easily understood ultrasound image display. The unique 
sensor can continuously monitor artery blood Velocity and 
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volume flow for early detection of critical events. It will have 
an extremely low profile for easy attachment, and can track 
selected vessels; e.g., the middle cerebral artery (MCA), with 
no moving parts. If the sensor is pointed to the general Volume 
location of the desired blood vessel (e.g., within +1 cm.), it 
will lock to within +0.1 mm of the point of maximum radial 
component of blood flow and remain locked in spite of patient 
moVement. 

0205. A device of the present invention can remain 
focused on the selected blood vessels regardless of patient 
movement because it produces and digitally analyzes, in real 
time, a 5-dimensional data base composed of signal-return 
amplitude as a function of 
0206 1. Depth, 
0207 2. Azimuth, 
0208. 3. Elevation, 
0209 4. Radial component of blood velocity, 
0210 5. Time. 
0211 Since a device of the present invention can automati 
cally locate and lock onto the point with the maximum Vol 
ume of blood having a significant radial Velocity, unattended 
continuous blood Velocity monitoring is one of its uses. By 
using the precise relative location of the point at which lock 
occurs as a function of depth, a device of the present invention 
can map the network of blood vessels as a 3-dimensional 
track without the hardware and computational complexity 
required to form a conventional ultrasound image. Using the 
radial component of Velocity along with the three-dimen 
sional blood path, a device of the present invention can 
directly compute vector velocity. 
0212. A device used in a method of the present invention is 
a non-mechanical Doppler ultrasound-imaging sensor com 
prising probes, processing electronics, and display Specific 
choices of probes allow the system to be used for transcranial 
Doppler (TCD), cardiac, dialysis, and other applications. 
0213. The present invention may be better understood by 
reference to the following non-limiting Examples, which are 
provided as exemplary of the invention. The following 
Examples are presented in order to more fully illustrate par 
ticular embodiments of the invention. They should in no way 
be construed, however, as limiting the broad scope of the 
invention. 

EXAMPLE1 

An Ultrasound Diagnostic and Monitoring Sensor 
with Real-Time 3-D Mapping and Tracking of Blood 

Flow 

0214. This embodiment of the present invention has appli 
cation for medical evaluation and monitoring multiple loca 
tions in the body, however, the transcranial Doppler applica 
tion will be used as an example to describe the invention. 
0215. This invention provides: (1) affordable three-di 
mensional imaging of blood flow using a low-profile easily 
attached transducer pad, (2) real-time vector Velocity, and (3) 
long-term unattended Doppler-ultrasound monitoring in spite 
of motion of the patient or pad. None of these three features 
are possible with current ultrasound equipment or technol 
Ogy. 
0216. The pad and associated processor collects and Dop 
pler processes ultrasound blood Velocity data in a three 
dimensional region through the use of a planar phased array 
of piezoelectric elements. Through use of unique beam form 
ing and tracking techniques, the invention locks onto and 
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tracks the points in three-dimensional space that produce the 
locally maximum blood velocity signals. The integrated coor 
dinates of points acquired by the accurate tracking process is 
used to form a three-dimensional map of blood vessels and 
provide a display that can be used to select multiple points of 
interest for expanded data collection and for long term con 
tinuous and unattended blood flow monitoring. The three 
dimensional map allows for the calculation of vector velocity 
from measured radial Doppler. 
0217. A thinned array (greater than half-wavelength ele 
ment spacing of the transducer array) is used to make the 
device inexpensive and allow the pad to have a low profile 
(fewer connecting cables for a given spatial resolution). The 
same physical array can also be used to form abroad transmit 
beam encompassing a plurality of narrow receive beams. 
Initial acquisition of the blood Velocity signal is attained by 
insonating a large region by defocusing the transmit array or 
by using a small transmitting Sub-aperture, for example. The 
computer simultaneously applies numerous sets of delays 
and/or complex weights to the receiver elements in order to 
form M simultaneous beams. With M beams being formed 
simultaneously, the receiver can dwell M times as long, so as 
to obtain high S/N and fine Doppler resolution. For an 
embodiment that utilizes a small transmitting Sub-aperture, 
the source of the transmitted energy within the array (i.e., the 
location of the transmitter sub-aperture) varies with time in 
order to lower the temporal average spatial peak intensity to 
prevent skin heating. 
0218. The array is thinned without reducing the receiver 
area by limiting the angular field of view. When needed, a 
map of a larger region is created by moving the probe and 
correlating the Sub-images. Once the region of interest has 
been imaged and coarsely mapped, the full transmitter array 
is focused at a particular location on a particular blood vessel 
for tracking. In the tracking mode: (1) grating lobes due to 
array thinning are reduced by using wide bandwidth and time 
delay steering and (2) only three beams are formed at a time: 
sum, azimuth difference, and elevation difference. When the 
desired (i.e. peak) blood Velocity signal is not in the output, 
this is instantly recognized (e.g., a monopulse ratio, formed 
after Doppler filtering, becomes non-Zero) and the array is 
used to track (slow movement) or re-acquire (fast movement) 
the desired signal. Re-acquisition is achieved by returning to 
step one to form and Doppler-process a plurality of beams in 
order to select the beam (and the time delay or “range gate') 
with the most high-Doppler (high blood velocity) energy. 
This is followed by post-Doppler monopulse tracking in azi 
muth, elevation, and range to lock a beam and range gate on 
to the exact location of the peak velocity signal. 
0219. In applications such as transcranial Doppler, where 
angular resolution based on wavelength and aperture size is 
inadequate, fine mapping is achieved, for example, by post 
Doppler monopulse tracking each range cell of each vessel, 
and recording the coordinates describing the location of the 
monopulse null. With a three-dimensional map available, true 
vector velocity can be computed. For accurate vector flow 
measurement, the monopulse difference is computed in a 
direction orthogonal to the vessel by digitally rotating until a 
line in the azimuth-elevation or C-Scan display is parallel to 
the vessel being monitored. 
0220 All current ultrasound devices (including “Doppler 
color flow mapping systems) form images that are limited by 
their resolution. In some applications, such as TCD, the low 
frequency required for penetration makes the azimuth and 
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elevation resolution at the depths of interest larger than the 
vessel diameter. In this invention, as longas (1) a blood vessel 
or (2) a flow region of a given velocity can be resolved by 
finding a 3-D resolution cell through which only a single 
vessel passes, that vessel or flow component can then be very 
accurately located within the cell. Monopulse is merely an 
example of one way to attain Such Sub-resolution accuracy 
(SRA). SRA allows an extremely accurate map of 3-D flow. 
0221) This invention utilizes post-Doppler, sub-resolution 
tracking and mapping; it does Doppler processing first and 
uses only high Doppler-frequency data. This results in 
extended targets since the active vessels approximate "lines' 
as opposed to points'. In three-dimensional space, these 
vessels are resolved, one from another. At a particular range, 
the azimuth-elevation axis can be rotated so that the “line' 
becomes a "point in the azimuth dimension. That point can 
then be located by using Super-resolution techniques or by 
using a simple technique Such as monopulse. 

Overview of the Embodiment 

0222. The invention is complex because it involves (1) a 
family of ultrasound sensors (for different parts of the body), 
(2) the interplay of a set of core technologies that are unique 
by themselves, and (3) a number of design options which 
represent different ways to implement the invention. To facili 
tate an organizational understanding of this many-faceted 
invention, we precede a description of an overall preferred 
embodiment with a discussion of each of the three topics 
above. 

0223) The sensors addressed are all two-dimensional (i.e., 
planar) arrays of in piezoelectric crystals for use in active, 
non-invasive, instantaneous (or real-time), three-dimensional 
imaging and monitoring of blood flow. While the sensors and 
the techniques for their use apply to all blood vessels in the 
body, the figures and detailed description emphasizes the 
transcranial Doppler (TCD) monitor because that application 
is most difficult to implement without all of the components 
of this invention. The sensors use a unique approach to 3-D 
imaging of blood velocity and blood flow that (1) allows for 
finer image resolution than would otherwise be possible with 
the same hardware complexity (number of input cables and 
associated electronics) and (2) allows for finer accuracy than 
would ordinarily be possible based on the resolution. The 
invention measures and monitors 3-D vector velocity rather 
than merely the radial component of Velocity. 
0224. The core technologies that constitute the invention 
are (1) array thinning with Suppression of ambiguities or 
grating lobes, (2) post-Doppler Sub-resolution tracking, and 
(3) post-Doppler Sub-resolution mapping. The invention 
encompasses two ways to thin the array (reducing the number 
of input cables and input signals to be processed while main 
taining high resolution and avoiding ambiguities). The first is 
bistatic operation; the second is broadband operation. In the 
TCD application, where signal to noise and hence receiver 
array area is of paramount importance, array thinning is pos 
sible without reducing the receiver array area because a rela 
tively small (compared to other applications) angular field of 
view is needed. One particular bistatic approach to thinning 
reduces transmitter area and consequently poses a problem of 
excessive spatial peak intensity (skin heating) in the TCD 
application. This is solved by a component invention called 
transmitter diversity (which lowers the temporal average of 
the spatial peak intensity). The phase-defocusing bistatic 
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approach and the monostatic or bistatic broadband approach 
to thinning all use the entire aperture and hence do not require 
transmitter diversity. 
0225. In the TCD application, the achievable angular reso 
lution is poor, regardless of the method of thinning, or 
whether or not thinning is used. Once a section of a blood 
vessel is resolved from other vessels in Doppler, depth, and 
two angles (aZandel), Post-Doppler Sub-resolution process 
ing locates that section to an accuracy that is 10 to 20 times as 
fine as the resolution. This allows for precise tracking and 
accurate mapping. Tracking provides for the possibility of 
unattended longterm monitoring and mapping aids the opera 
tor in selecting the point or points to be monitored. 
0226. There are many options available in the design of 
any member of the family of sensors that utilizes any or all of 
the core technologies that comprise this invention. A two 
dimensional array is established art that can be designed in 
many ways and can have many sizes and shapes (rectangular, 
round, etc.). Digital beam forming (DBF) is a technique that 
has been in the engineering literature (especially radar and 
sonar) for many years. One medical ultrasound DBF patent 
cites many references, while another describes a particular 
instance of DBF without citing the other patent or any other 
prior art. While planar arrays, DBF, Doppler ultrasound, and 
color flow imaging are prior art, the manner in this specifica 
tion of using such established technologies to map, track, 
measure, and monitor blood flow is unique. The embodiment 
is a non-invasive, continuous, unattended, Volumetric, blood 
vessel tracking, ultrasound monitoring and diagnostic device. 
It will enable unattended and continuous blood velocity mea 
Surement and monitoring as well as 3-dimensional vascular 
tracking and mapping using an easily attached, electronically 
steered, transducer probe that can be in the form of a small pad 
for monitoring application, when desired. Although the 
device has application to multiple body parts, the cranial 
application will be used as a specific example. The device can, 
for example: 

0227 1. Measure and continuously monitor blood 
velocity with a small low-profile probe that can be 
adhered, lightly taped, strapped, banded, or otherwise 
easily attached to the portion of the body where the 
vascular diagnosis or monitoring is required. 

0228 2. Track and maintain focus on up to four desired 
blood vessels in spite of movement. 

0229. 3. Map 3-D blood flow; e.g., in the Circle of Willis 
(the central network of arteries that feeds the brain). 

0230. 4. Perform color velocity imaging and display a 
3-0 image of blood flow that is rotated via track ball or 
joystick until a desired view is selected. 

0231 5. Form and display a choice of projection, slice, 
or perspective views, including (1) a projection on a 
depth-azimuth plane, a B-scan, or a downward-looking 
perspective, (2) a projection on an azimuth-elevation 
plane, a C-scan, or a forward-looking perspective, or (3) 
a projection on an arbitrary plane, an arbitrary slice, or 
an arbitrary perspective. 

0232 6. Use a track ball and buttons to position circle 
markers on the points at which we wish to measure and 
monitor vector velocity. 

0233 7. Move the spatial resolution cell being mea 
sured along the blood vessel by using the track ball to 
slide the circle marker along the image of the vessel. 

0234 8. Display actual instantaneous and/or average 
vector velocity and/or estimated average volume flow. 
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0235 9. Maintain a 3-day history and display average 
blood velocity versus time for each monitored vessel 
over 14 hours. 

0236 10. Sound an alarm when maximum or minimum 
velocity is exceeded or when emboli count is high. 

0237 11. Track, map, and monitor vessels as small as 1 
mm in diameter, resolve vessels as close as 4 mm apart 
(for example), and locate them with an accuracy of +0.1 

. 

0238. The Monitoring Device will allow a person with 
little training to apply the sensor and position it based on an 
easily understood ultrasound image display. The unique sen 
Sor can continuously monitor artery blood Velocity and Vol 
ume flow for early detection of critical events. ft will have an 
extremely low profile for easy attachment, and can track 
selected vessels; e.g., the middle cerebral artery (MCA), with 
no moving parts. If the sensor is painted to the general Volume 
location of the desired artery (e.g., within +C.5 cm.), it will 
lock to within +0.1 mm of the point of maximum radial blood 
flow and remain locked in spite of patient movement. 
0239. The device can remain focused on the selected blood 
vessels regardless of patient movement because it produces 
and digitally analyzes, in real time, a 5-dimensional database 
composed of signal-return amplitude as a function of 
0240 6. Depth, 2. Azimuth, 3. Elevation, 4. Radial blood 
velocity, 5. Time. 
0241 Since the device can automatically locate and lock 
onto the point with the maximum Volume of blood having a 
significant radial velocity, unattended continuous blood 
Velocity monitoring is one of its uses. By using the precise 
relative location of the point at which lock occurs as a func 
tion of depth, the device can map the network of blood vessels 
as a 3-dimensional track without the hardware and computa 
tional complexity required to form a conventional ultrasound 
image. Using radial velocity along with the three-dimen 
sional blood path, the device can directly compute vector 
velocity. 
0242. The proposed device is a non-mechanical Doppler 
ultrasound-imaging sensor consisting of probes, processing 
electronics, and display. Specific choices of probes allow the 
system to be used for transcranial Doppler (TCD), cardiac, 
dialysis, and other applications. 
0243 FIG. 1 shows the TCD configuration and the initial 
definition of the display screen. The TOO system is com 
prised of one or two probes attached to the head with a 
“telephone operator's band' or a Velcro strap. The interface 
and processing electronics is contained within a small sized 
computer. A thin cable containing 64 micro coax cables 
attaches the probe to the electronics in the computer. When 
the operator positions the probe on the head the Anterior, 
Middle and Posterior Cerebral Arteries and the Circle of 
Willis are imaged on the screen along with other blood ves 
sels. The arteries or vessels of interest are selected by viewing 
the image. The system locks onto the blood vessels and tracks 
their position electronically. A variety of selected parameters 
is presented on the screen; e.g., the Velocity, the pulse rate, 
depth of region imaged, gain and power level. Using only one 
probe the TCD can monitor up to two arteries (vessels) at a 
time. Presented on the screen are dual traces, one for each 
artery. The blood velocity can be dynamically monitored. As 
shown in FIG. 1 both the current blood velocity (dark traces) 
and any historic trace (lighter color) can be displayed simul 
taneously. The average blood Velocity or estimated average 
flow for eachartery is displayed below the respective velocity 
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trace. The image shows the arteries and the channel used for 
each artery. When two probes are used, the display is split 
showing signals from both of them. Using a different probe 
(i.e., different size) with the same electronics and display, the 
unit can be used to measure and monitor the blood flow in a 
carotid artery. Similarly, it can be used to perform this func 
tion for dialysis, anesthesia, and in other procedures. 
0244. The sensor is a two dimensional array of transducer 
elements (piezoelectric crystals) that are configured and ulti 
lized differently for transmit and receive during acquisition. 
For example, if a square (NXN) array is used, all N° elements 
would receive at the same time, but only a 2x2 sub-aperture 
would transmit at any one time. This is illustrated in FIG.2 for 
the case of N=8. The array need not be square. Any MXN 
array may be utilized in this manner. All NM received signals 
(64 in our example) are sampled, digitized, and processed. 
This can be done, for example, in a desk top or lap top 
personal computer with additional cards for electronics and 
real-time signal processing as illustrated in FIG. 1 and FIG.3. 
If the PCI bus in FIG. 2 becomes a bottleneck for high speed 
processing, a pipelined or systolic architecture would be 
used. Alternatively, the processing can be performed in an 
application specific integrated circuit (ASIC). 
0245. The small (4 element) transmit sub-aperture (FIG.2 
b) produces a broad transmit beam that insonates a region 
containing many receive beams. This is schematically illus 
trated in FIG. 4 for the particular case of a square array and 
square elements such as in FIG. 2. Since data is received from 
each element of the array, this data can be combined in a 
processor (FIG. 3, for example) in many different ways to 
form any number of beams. The transmitter is larger than a 
single array element so that it can provide Some selectivity 
and not insonate the grating lobes caused by array thinning 
(spacing the array elements more than /2 wavelength apart). 
The concept is illustrated below for a 1-dimensional array 
forming a beam that measures only one angle. For a two 
dimensional array, this represents a horizontal or vertical cut 
through the cluster of beams shown in FIG. 4. FIG. 4 was an 
approximate and conceptual representation of the two-angle 
(azimuth and elevation) extension of the single angle case 
detailed below. 
0246 “Grating lobes’ are ambiguities or extra, unwanted, 
beans caused by using a transducer array whose elements are 
too large and hence too far apart. The following analysis 
illustrates grating lobe Suppression for the worst case of nar 
rowband signals and phase-shift beam processing. Time 
delay processing using wideband signals would be similar, 
but would further attenuate or eliminate grating lobes, result 
ing in even better performance. 
0247 The next four figures show beam pattern amplitudes 
plotted against 

x=(di)sin 0, (1) 

where X represents a normalization for the angle, 0, from 
which reflected acoustic energy arrives. The azimuth (or 
elevation) angle, 0, is Zero in the broadside direction, perpen 
dicular to the transducer array. The width (or length) of a 
transmitter is 2d, where d is the width (or length) of a single 
element of the receiver array. The wavelength of the radiated 
acoustic wave is WC/f where c is the acoustic propagation 
velocity (1543 meters/second in soft tissue) and fis the acous 
tic frequency (usually between 1 and 10 megahertz). FIG. 5a 
shows the transmitter pattern 

(2) 
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for the special case of uniform insonation over the 2d-wide 
transmitter Sub-aperture being used. 
0248. The receiver pattern is the product of the receiver 
element pattern and the receiver array pattern 

0249 Each of these two component patterns is plotted 
separately in FIG. 5b. Again assuming the special case of a 
uniform receiver element (and a square element in the case of 
a 2-D array), the receive element pattern is 

a RE(x)=sin JIX/TIX (4) 

The receiver element pattern is twice as wide as the transmit 
ter pattern because the receiver element is half as wide as the 
transmitter. In the far-field, i.e., for arcs-L, where r is the 
range or depth and L is the length of the aperture, the receive 
array pattern steered to the angle 0–0 is 

W- (5) 

where w, is a weighting to reduce sidelobes and N is the 
number of elements in one dimension. As seen in FIG. 5b, 
equation (5) is periodic in X. The peak at x=x(x-0 in FIG. 5) 
is the desired beam and the others are grating lobes. 
0250 In the near field, when focused at (ro, 6 equation (5) 

is replaced by the slightly better general Fresnel approxima 
tion: 

(provided that that the range significantly exceeds the array 
size, re-L). where X=d sin 0/2, as before, and 

Because the receiver aperture is sampled with a spatial period 
of d, the receiver array pattern will be periodic in sin 0, with 
a period of W/0 (equation 5) This periodicity means that the 
array pattern is ambiguous. When the array is pointed broad 
side (0–0), it will also be pointed at the angle 0-sin' (2/d), 
for example. In terms of the normalized variable, X, the period 
is unity. Since I sin 0 cannot exceed 1, the variable x is 
confined to the interval-d/W, d/2. The conventional element 
spacing is d-W2. Thus, in a conventional phased array, X is 
always between -0.5 and +0.5, and hence ambiguities are not 
encountered. In a highly thinned array (d22) there will nor 
mally be ambiguities or grating lobes as illustrated in FIG.5b. 
The second grating lobe, at x=2 or 0 sin (2 /d), is not real 
when d does not exceed 2w. 
0251 FIG.5c shows the two-way pattern. The gating lobe 
Suppression, resulting from the choice of a transmitter diam 
eter of D=2d is valid for alt values of d. In a two dimensional 
array, the elements could be rectangular instead of square 
(dxd), and the results would still be valid. Similar results 
could be obtained for an array in which the elements are 
staggered from row to row (and/or column to column). For 
example, if the receiver array is a “bathroom tile' of hexago 
nal elements, the transmitters could be chosen as Sub-arrays 
consisting of an element and its six Surrounding neighbors. 
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(0252) In FIG. 6 the same array is used as in FIG. 5, but the 
receiver element signals are combined with a phase taper that 
steers the beam to X=0.2. This is approximately (a little less 
than) the half power point, where a(x) a(x)=0.707. In FIG. 
6c, we see that the grating lobes are not completely Sup 
pressed, with the largest one at x=-1+0.2=-0.8. FIG. 7 shows 
this in decibels. The worst-case grating lobe is attenuated by 
at least 25 dB, even in the stressing case of extremely narrow 
band operation. A Hanning window was applied to keep the 
sidelobes lower than the peak grating lobe. These Figures 
were produced in MATLAB, using the following software 
(m-file): 

(0255 subplot(311); plot (x,abs (T)): 
subplot(312); plot (x,abs (R):abs (E)); I 
TRE=abs(T). *abs(R).abs(E); 
subplot(313); plot(x,TRE): 
FIG. (2); plot(x,20*log 10(TRE)); 
Zoom on: 
0256 The dimensions in FIG. 4 are representative for a 
transcranial Doppler application of the invention, to provide a 
specific example. If f 2 MHZ is chosen for the center fre 
quency, the wavelength is 0.77 mm. An 8x8 array with a width 
and/or length of L-1 cm, provides a one dimensional thinning 
ratio of 2 d/?w=3.247. For a square array, the total number of 
elements is reduced by a factor of (2 d/)°310 from that of a 
filled array. Even greater thinning ratios are possible. Even if 
d/W is kept less than 2 to avoid a second grating lobe (at X=2), 
complexity reductions up to a factor of 16 are possible. For 
the 1 cm array at 2 MHz, the hyperfocal distance (where the 
3 dB focal region extends to infinity) is L/4 =3.25 cm. Thus, 
a fixed focus probe suffices for this application. However, 
since the simultaneous formation of multiple receive beams is 
conveniently performed digitally, dynamic focus on receive is 
easily accomplished. The quadratic phase distribution across 
the elements required to focus in depth is simply added to the 
linear phase distributions required to steer the beams. 
0257 FIG. 8a shows the product of the transmitter pattern 
(FIG.5a or 6a) and the receiver element pattern. FIG.8bplots 
the element patterns for a set offive beams steered to x=-0.2, 
-0.1, 0, 0.1, and 0.2. This set of five receive beams shows 
grating lobes of the thinned array. FIG. Sc shows the set of 
resulting 2-way patterns obtained by multiplying the patterns 
in FIG.8b by the function plotted in FIG.8a. Here, the grating 
lobes are Suppressed. This represents a horizontal or vertical 
cut through the cluster of beams in FIG. 4. 
0258 Using the configuration described above, the cluster 
ofbeams in FIGS. 4 and 8c is used to approximately locate the 
desired point for collecting the blood velocity signal. For 
example the output of each beam in the cluster would be 
Doppler processed by performing an FFT or equivalent trans 
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formation on a sequence of pulse returns. The pulse repetition 
frequency (PRF) would typically be less than or equal to 9 
kHz to unambiguously achieve a depth of 8.5 cm for the TCD 
application. In order to obtain a Velocity resolution as fine as 
Av=1 cm per second (to distinguish brain death), a dwell of 
duration T-W(2Av)=38.5 ms, or 347 pulses at 9 kHz, is 
desired. For efficient FFT processing, the number of pulses 
used would be zero filled to a power of 2 such as 512. 
0259. The example shown in FIGS. 2 through 8 was an 8 
by 8 receiver array forming a 5 by 5 cluster of beams. This is 
an example of an approximate rule of thumb for this inven 
tion, that an N element linear array is recommended for use in 
producing N/2+1 beams for Neven and N+1/2 beams for N 
odd. Thus, a 16 by 10 element rectangular array would pref 
erably be used to form a 9 by 6 cluster of beams, though the 
actual number of beams formed is arbitrary. This recom 
mended number of beams is derived below. If an N elements 
were used to form orthogonal beams, e.g., by an N-point FFT, 
then there would be N beams in a 180° angular region, from 
-90° to +90°, corresponding to -1sus 1, where usin 0. In 
conventional phased array ultrasound, a 128 (N) element 
array is used to produce 256 (=2N) lines (sequentially 
scanned beams) in a 90° angular region from -45° to 45°, 
corresponding to -0.707sus().707. If the array is filled, then 
x=u/2 (Equation 1) and 2N beams are conventionally formed 
in |x| < 2/4. When we thin the array, we prefer to have |x|<0. 
2=1/5 (the 3 dB point of the curve in FIG. 7a). The number of 
beams in that region, for the same beam density as used in 
current practice, is given by: 

Recommended No. of beams=(1/5)N+(W24)=2|2N/ 
SO.S657N. 

0260 The beams are formed digitally, using software on a 
personal computer or using digital signal processing hard 
ware to implement equations such as Equation 5 or 6. The 
electronic interface between the probe and the processor is 
diagrammed in FIG. 9. This figure illustrates the case of sig 
nals from 64 elements being connected to a single A/D con 
verter, and power being applied to sets of four elements. The 
use of a separate A/D converter for every received channel, for 
example, is another possible implementation of this inven 
tion. 
0261. A conventional, half-wavelength spaced, mono 
static, phased array could 25 sequentially search a region of 
interest, butt would require far more elements and would thus 
be far more costly. Using the array differently in transmit and 
receive, not only allows for the formation of multiple beams: 
it also enables the use of the angular pattern of the transmitter 
to suppress receivergrating lobes. This allows for a “thinned 
array (elements spaced less than a half wavelength apart). 
Because receive beams are formed only in a limited angular 
region, a wide-angle receiver element pattern (which usually 
implies a small element) is not required. In fact, the size of the 
receiver element can be as large as the element spacing. Thus 
the receiver array is “thinned only in the sense that the 
element spacing exceeds a halfwavelength. Since the element 
size also exceeds a half wavelength, the array area is not 
reduced. It is thinned only in terms of number of elements, not 
in terms of receiver area. Consequently, there is no reduction 
in signal-to-noise ratio, for a requirement for increased trans 
mitter power. 
0262. A monostatic array would transmit from the full 
aperture, Scanning the transmitted beam over the region being 
examined. The “bistatic' array of this invention transmits 
from a Sub-aperture to insonate multiple receive beam posi 
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tions simultaneously. Since there is an FDA limit to spatial 
peak, temporal average, intensity (I) there may be a danger 
of exceeding this limit at the transducer Surface, creating a 
danger ofburning the skin. This potential danger is eliminated 
by using a different transmit Sub-aperture for each coherent 
dwell or burst of pulses. This transmitter diversity technique 
spreads the temporal average intensity over the face of the 
array, reducing I, to what it would be if the entire array were 
used at once. 
0263 For the particular implementation pictured in FIG. 
9, an A/D converter is multiplexed amongst the 64 elements. 
The signal spectrum at any of these elements is centered at 
f=2 MHZ, as shown in FIG. 10a. This is a real signal with a 
spectrum that is symmetric about f-O. This analog signal is 
bandpass filtered (BPF) to insure that there is little power 
outside of a 444 kHz band centered at 2 MHZ. If a 512/9 
56.889 MHz, A/D converter is used, each receive channel is 
sampled f888.9 kHz, giving rise to a real sampled signal 
with a spectrum as shown in FIG. 10b. A processing element 
Such as a field programmable gate array (FPGA) is used to 
shift the frequency by f/4 (FIG. 10c) by “multiplying” by 
quarter cycle samples of sinusoids (which are Zeros and 
ones). The same FPGA also digitally filters (or Hubert trans 
forms) the complex signal to decimate its sampling rate by a 
factor of two. The spectrum of the decimated digital low-pass 
signal is shown in FIG. 10d. 
0264. The signal sent to the processor from each element 
has the spectrum shown in FIG. 9d, and consists of r-f/2 
complex samples per second. The total data rate into the 
processor is approximately 57 megabytes per second. For 
non-real-time operation, tens of seconds of data at a time will 
be collected in system memory and then transferred to hard 
disk. For real-time monopulse tracking, only three beams are 
formed, so that the data rate is reduced to 3x0.8889=2.67 
Mbytes, or 5.33 Mbytes allowing for bit growth. 
0265. The transmitted pulses are sent to a group of four 
elements. The particular embodiment shown in FIG. 9 uses 
diodes to block the received signals and prevent mutual cou 
pling between the four receive elements. After a coherent 
pulse train (or pulse burst used for Doppler processing), the 
waveform is switched to another set of 4 elements for the next 
burst. A separate power amplifier is associated with each of 
the 16 sets of elements so that the Switching can be accom 
plished at low power. 
0266 One embodiment of sub-resolution tracking (i.e., 
tracking and locating blood flow to a small fraction of a 
spatial resolution cell) is “Monopulse'. Monopulse tracking 
is performed as follows. A particular set of complex weights 
are applied to the set of received signals (64 in the example of 
FIG. 2) to steer a beam at the middle cerebral artery, for 
example. The phase taper across the array defines the steering 
direction and the amplitude taper (called a window in radar 
and a shading in Sonar) is used to provide low sidelobes for 
high dynamic range. The beam output (a linear combination 
of the signals) is range gated (time delay corresponding to the 
desired depth) and the range-gated/beam-formed output from 
a sequence of transmitted pulses is then Fourier transformed 
to obtain a plot of amplitude versus Doppler frequency. The 
receive beam is steered digitally to the point that produces the 
maximum amplitude at high Doppler frequencies. 
0267 Since the measured data at each element is stored, 
the digital processor can apply more than one set of weights at 
a time, forming more than one beam. For software monopulse 
the processor will form three beams, all in the same direction. 

spia 
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All three beams may have the same phases applied to the 
element signals; but the amplitudes will differ. The beam 
called Sum has all positive amplitudes, with the larger 
weights applied to the central elements. This forms a fairly 
broad beam. The beam called A for “azimuth difference 
beam has large positive weights on the rightmost elements 
and large negative weights on the leftmost elements (or vice 
versa). The beam called El for elevation difference has large 
positive weights on the top-most elements and large negative 
weights on the bottom-most elements. A correctly pointed 
beam would have A=El=0, and Sum would be maximized. 
0268. The ratio of the peak Doppler amplitude outputs: 
AZ/Sum, is a precise measure of the azimuth pointing error 
and the corresponding ratio El/Sum measures the elevation 
pointing error. The digital steering phase taper is thus cor 
rected with data from a single burst of pulses. The duration of 
the pulse burst is the reciprocal of the medically required 
Doppler resolution (usually corresponding to the minimum 
blood velocity that can support life). Without techniques such 
as those described in this specification, a sequence of at least 
four additional Doppler dwells or pulse bursts would be 
required (above, below, to the right, and to the left) in a hunt 
and seek method to find the correct (maximum peak Doppler 
Amplitude) beam. With monopulse, the correction is very 
precise (to within t0.1 mm of the point of maximum peak 
Doppler amplitude) and virtually instantaneous. For the 
bistatic digitally beam formed sensor, the original data exists 
in computer memory. Hence, whenever the Doppler pro 
cessed monopulse differences are non Zero, the same data set 
could even be re-processed to form a correctly pointed beam. 
A slower processor would merely process the next burst cor 
rectly. 
0269. A “front view” perspective display or a C scan dis 
play (azimuth horizontal and elevation vertical) of the blood 
flow map at the desired range will allow someone to aim the 
transducer probe or pad at the desired point (highest ampli 
tude for high Doppler), so that the desired point is initially 
within the center beam. The receiver array is then steered 
electronically so that the monopulse differences are Zero and 
hence the central beam is precisely aimed at the desired point. 
Slight motions are corrected using monopulse and large 
motions are corrected by again forming alt beams to re 
acquire the peak signal. All corrections are made entirely 
electronically, in the data processing or digital beam forming. 
A narrow receiver beam will always be precisely pointed (to 
within a tenth or 20" of the receiverbeamwidth) as long as the 
desired point remains within the much larger region covered 
by the transmitter (FIG. 4). 
0270 True vector velocity is computed from the blood 
vessel map and the radial velocity measured from the pulse 
Doppler dwell. A map, far more accurate than that attainable 
with the available angular resolution is attained as follows. 
The low-resolution map is used to locate a vessel of interest 
and a beam is locked on it at a fixed range, using azimuth and 
elevation monopulse. The coordinates of the point at which 
lock occurs is recorded. The range is then changed slightly, 
another lock (on the same vessel) is obtained, and the coor 
dinates are recorded. In this manner, the vessel is mapped far 
more accurately than would be predicted from the available 
image resolution. All vessels within the field of view of the 
probe are similarly mapped. By moving the probe angle 
slightly, another region can be mapped in the same manner. 
Several Such maps can be correlated over the region of pair 
wise overlap and converted to a common coordinate system. 
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In this manner a larger region is mapped and displayed than 
that of the current field of view. The current field of view 
would be highlighted, outlined, or presented as a color flow 
map. Points to be monitored in the current field are then 
selected by moving a cursor along the display (point and 
click). The selected points are Doppler processed and tracked 
using three-dimensional monopulse. While Doppler mea 
Surements provide only the radial component of velocity, the 
accurate blood vessel map provides the exact three-dimen 
sional orientation of the vessel at the point being monitored. 
The measured radial velocity is divided by the projection of a 
unit vector representing the vessel at the monitored point onto 
the transducer line of sight. This gives the magnitude of the 
true vector blood velocity. 
0271 Sub-resolution mapping accuracy is attainable if (1) 
the range-azimuth-elevation-Doppler resolution cell being 
examined encompasses only a single blood vessel, and (2) 
“azimuth' monopulse is performed with the usually vertical 
e-axis tilted so that the orientation of the vessel in the spatial 
resolution cell being processed is parallel to the e-r plane 
(“azimuth' is constant). 
0272. The user will ascertain from the display, that the 
resolution cell being monitored contains only a single vessel, 
and would rotate the 3-D blood-vessel map to a C-scan aspect 
(elevation up and azimuth to the right). A vertical mark will 
appear in the display, within the resolution circle, to signify 
the orientation of the monopulse axis. This axis (parallel to 
the line separating the positively and negatively weighted 
array elements) can then be oriented so that the mark is 
aligned with the blood vessel in either of two ways. The probe 
can be physically twisted (rotated about the line of sight), or 
it can be electronically rotated via digital processing because 
the weights are applied digitally. 
0273 FIG. 11 illustrates the segment of a vessel in a single 
resolution cell, after rotation. The resolution cell shown is not 
a cube because the range resolution will typically be finer than 
the cross-range resolution. The illustrated circular cylinder 
represents blood cells in a vessel reflecting energy at a fixed 
Doppler frequency. These represent a cylindrical annulus of 
blood cells, at a constant distance from the vessel wall, mov 
ing with approximately the same Velocity. In the single reso 
lution cell of FIG. 11, the return at the highest Doppler would 
represent a line in three-dimensional space (the axis of the 
vessel) and hence a point on the azimuth axis after rotation. 
When applied to the highest Doppler output, the Sum beam 
would have broad peak at Zero azimuth (a=0) and the 
monopulse ratio, r AZ/Sum, will be a linear function of the 
azimuth angle to which the array is phase steered: 

0274. This result can be attained by applying the same 
phase across the aperture for the AZ and Sum beams, but using 
the derivative of the Sum beam amplitude weights with 
respect to X and y respectively for the AZ and El aperture 
weights. 

Other Embodiments 

0275 If the wide transmit beam (for search and acquisi 
tion) is created by using a quadratic phase curvature instead 
the scheme of FIG. 2b, transmitter diversity may not be 
needed. Furthermore the manner of controlling grating lobes 
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in FIG. 1 and FIGS. 5-8 is only one of many. Using a wider 
bandwidth and time-delay steering can also reduce grating 
lobes. 

EXAMPLE II 

Ultrasound Measurement of Blood Volume Flow 

0276. As explained above, current ultrasound Doppler 
devices measure radial velocity. Several methods now exist 
for 3-D ultrasound imaging, such as those involving trans 
ducer motion. A three-dimensional image with Doppler 
allows for the measurement of vector velocity. Example I 
above provides measurement and long term monitoring of 
three-dimensional vector velocity. If the resolution of a color 
flow Doppler image is sufficient to provide an estimate of the 
inside diameter of the blood vessel, then measurement of 
volume blood flow becomes practical. Presently available 
ultrasound imaging devices have either low resolution or they 
only produce a two-dimensional image. The present inven 
tion combines vector Velocity information (such as attained as 
explained in Example I above) with additional information to 
obtain volume flow. The additional information is the inside 
diameter of the vessel under examination, the blood velocity 
profile across the vessel, or the vector velocity as a function of 
time and position (i.e., the velocity field). This additional 
information can be obtained from a high-resolution radial 
Doppler or color flow image or from external data Such as a 
high-resolution MRI image. 
0277. A two-dimensional array of piezoelectric elements, 
or some other means, is used to image blood flow in a three 
dimensional region. A particular point on aparticular vessel is 
selected and the vector representing the orientation of the 
vessel is noted. The radial velocity divided by the cosine of 
the angle made by the vessel with the line of sight at the 
measurement point is the magnitude of the vector Velocity. 
That number integrated over the vessel cross section would 
give the volume flow in volume per unit time or milliliters per 
minute, for example. 
0278 FIG. 12 shows a circular cylinder representing 
blood cells in a vessel moving at a particular Velocity and thus 
reflecting energy at a specific Doppler frequency. The figure 
assumes that methods such as those in the referenced inven 
tion, for example, have been used to measure the 3-D orien 
tation of the vessel so that the vector velocity can be calcu 
lated and the azimuth axis can be defined to be perpendicular 
to the vessel. 

0279. The simplest way to estimate volume flow is to 
measure the vessel diameter, d. (or radius d/2), calculate the 
cross-sectional area, A T(d/2), and multiply by the average 
Velocity. A more accurate way is to integrate the Velocity as a 
function of position, over the cross-section. The Velocity is a 
function of the radius, a. of the cylinder depicted in FIG. 12. 
Ifa is the distance from the cylinder to its axis, and V (a) is the 
velocity function, then the volume flow is 

12 7 2. av(a)da (7) 
O 

0280 Equation (1) assumes a circular cross-section of 
constant radius r d/2. It is a special case of the more general 
polar coordinate integration: 
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0281. The velocity function is determined by determining 
the diameter (and hence the radius) of the cylinder corre 
sponding to each Velocity. 
0282 For example a 1.5-cm diameter Doppler ultrasound 
transducer array operating at 10 MHz will be oriented with 
the length or azimuth direction perpendicular to the vessel to 
produce a B-scan (depth-azimuth) image. At a depth of 
approximately 10 mm, the cross range resolution is 0.1 mm. 
If the vessel diameter is 1 mm, the diameter can be measured 
with an accuracy of +5%. The area of the vessel is thus known 
to an accuracy of 10%. Since the average vector Velocity can 
be measured extremely accurately, the volume flow is also 
accurate to +10%. The best accuracy is attained by measuring 
the azimuth extent corresponding to various Velocities and 
then numerically evaluating equation (7) or (8). Naturally, a 
skilled artisan can readily program a processor to solve these 
equations, and calculate blood flow Volume using routine 
programming techniques. 
0283 Since the autocorrelation function (pulse-to-pulse, 
at a fixed range) and the Doppler Power Spectrum form a 
Fourier pair, the total power can be obtained either as the 
autocorrelation function at Zero Lag or the integral of the 
Doppler Power Spectrum (Spectral Density) overall Doppler 
frequencies. Since radial Velocity is proportional to Doppler 
frequency, the mean Velocity can be obtained from the auto 
correlation function as shown below: 

R(t) = i? sole do = ?.s., felt df 
hence 

R(0) = ? S(f) df = P = total Doppler power 

and 

R(t) = R (r)=U2 is, fleet af, 
leading to 

where the Doppler frequency and its mean (expected value) 
arc related to the radial blood velocity and its mean by 

Hence 
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which is used in the autocorrelation method of color-flow 
blood-velocity imaging. We note that if we do not normalize 
by dividing by the total Doppler power, we obtain a power 
velocity product that indicates the volume flow rate. This is 
due to the fact that power is directly proportional to area (see 
Reference 1. 
0284. Since all velocity vectors are parallel at the narrow 
est point (the Vena contracta), flow at that particular point can 
be considered as non-turbulent, even though severe turbu 
lence exists before and after. Reference I shows that regur 
gitant blood flow through the mitral heart valve can be quan 
titatively measured by observing the Doppler spectrum at that 
point and using the power-Velocity-integral relation below 
0285. In terms of the velocity power spectrum, P(v)=(2f/ 
c) S(f) Reference 1 shows that the blood vessel area in a 
"slice' perpendicular to the line of sight is directly propor 
tional to the total Dopplerpower (the total power at the output 
of the high-pass 5 wall filter). 

A A A = P = Po Po P(v)dy 

where Ao and Po are the known area and measured power in a 
narrow beam, Smaller than the vessel. If the blood flow makes 
an angle 0 with the line of sight, the area, and hence power, is 
increased by the factor 1/cos 0. This offsets the fact that only 
the radial component of Velocity is measured, so that the 
power velocity integral provides true volume flow: 

0286. In Reference 1, P was measured with the same probe 
as Po by masking the outside of the aperture in order to create 
a wider beam. With our 2-D phased array, we would merely 
turn off or ignore some of the outer elements. More impor 
tantly, we can use the 3-D image to precisely locate the Vena 
contracta, and lock onto it using monopulse. We can even 
monitor the valve during a stress test, while the patient is on 
a treadmill. 

0287 We note here, that there are several ways to measure 
the volume flow rate. Reference 1 uses the fact that it is 
proportional to the integral of the product of the velocity and 
the power per unit velocity, as in the last equation. Another 
way is to recognize that it is equal to the product of the 
average radial velocity and the total projected area that is, in 
turn, proportional to total Doppler power. Since the total 
Doppler power is used in the denominator of the autocorre 
lation-based color-flow velocity map, volume flow rate can be 
obtained by merely not dividing by the total power. If the i' 
pulse return (after MTI or Doppler high-pass or wall filtering) 
is 

z=x-iy, i=1,2,... N, 

the volume flow rate is proportional to 

W 

Wiyi- yi-Wi 
i=2 

Oct. 30, 2008 

0288 The normalization (denominator) that is used to 
convert this last quantity to mean Velocity can be 

XiXi-1 yiyi 
W 

i=2 

that is based on a derivation in Reference 2, or a simple power 
estimate, such as 

i 

0289. The point we wish to make here is that by not divid 
ing by a power estimate to obtain radial Velocity, we obtain 
Volume flow. Current ultrasound Doppler imaging systems 
compute the mean Velocity as a ratio, 

and display it as a color flow image. Newer imaging systems 
2 also display total Doppler power (at the output of the wall 
filter), P. By not dividing the color flow image by P. we can 
also display the true volume flow, dO/dt. This is because the 
numerator, 

is the power-Velocity-integral that is directly proportional to 
the volume flow. 

0290 Determination of the scale factor, A/PA/P dO/ 
dt/F, that must multiply F to obtain volume flow requires 
further comment 

0291) A is the area of a reference beam. In 1), A is 
smaller than the blood flow area. We will describe three 
normalization approaches. 

0292 1. Use a single transmit beam, wider than the 
vessel, and two simultaneous receive beams. One 
receive beam (the measurement beam) is the same as the 
transmit beam and the other (the reference beam) is 
Smaller than the vessel. 

0293 2. Use two (sequential or multiplexed) two-way 
(transmit and receive) beams. One (the measurement 
beam) is wider than the vessel and the other (the refer 
ence beam is Smaller than the vessel. 

0294 3. Use two (sequential or multiplexed) two-way 
(transmit and receive) beams. Both are wider than the 
vessel and the measurement beam is wider than the 
reference beam. 

0295) Let Ao be the known area of the reference beam, let 
P and P be the measured received power in the reference and 
measurement beams. In case 1, the transmit power density is 
the same for measurement and reference. The receive power 
is proportional to area. If the area of the vessel (in a slice 
perpendicular to the line of sight) is A, it follows that 

A/AoP/Po. 

0296. In cases 2 and 3, the transmit power density is 
greater in the reference beam than in the measurement beam, 
but by a known factor. In all three cases, the power received in 
the measurement beam is proportional to the vessel area. In 
case 2, the received reference power also varies with vessel 
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size, but at a different rate than in the measurement beam. 
With proper calibration, correct measurements can be 
attained in all three cases. 
0297 1).T. Buck, Etal, “Flow Quantification in Valvular 
Heart Disease Based on the Integral of Backscattered 
Acoustic Power Using Doppler Ultrasound. Proc. IEEE, 
vol. 88, no. 3, pp. 307-330, March 2000. 

0298 2. K. Ferrara and G DeAngelis, “Color Flow Map 
ping. Ultrasound in Medicine and Biology, Vol. 23, no. 2, 
pp. 321-345, March 1997. 

EXAMPLE III 

3-D Doppler Ultrasound Blood Flow Monitor with 
Enhanced Field and Sensitivity 

0299. This example sets forth an ultrasound Doppler 
device and method that enables non-invasive diagnosis (the 
conventional role of ultrasound systems), and also non-inva 
sive unattended and continuous monitoring of vascular blood 
flow for medical applications. In particular, the embodiment 
of the present invention set forth in this example provides: (1) 
affordable three-dimensional imaging of blood flow using a 
low-profile easily-attached transducer pad, (2) real-time vec 
tor Velocity, and (3) long-term unattended Doppler-ultra 
Sound monitoring in spite of motion of the patient or pad. 
None of these three features are possible with current ultra 
Sound equipment or technology. 
0300. The pad and associated processor collects and Dop 
pler processes ultrasound blood velocity data in a three-di 
mensional region through the use of a two-dimensional 
phased array of piezoelectric elements on a planar, cylindri 
cal, or spherical Surface. Through use of unique beam forming 
and tracking techniques described herein, the present inven 
tion locks onto and tracks the points in three-dimensional 
space that produce the locally maximum blood velocity sig 
nals. The integrated coordinates of points acquired by the 
accurate tracking process is used to form a three-dimensional 
map of blood vessels and provide a display that can be used to 
select multiple points of interest for expanded data collection 
and for long term continuous and unattended blood flow 
monitoring. The three dimensional map allows for the calcu 
lation of vector velocity from measured radial Doppler. 
0301 A thinned array (greater than half-wavelength ele 
ment spacing of the transducer array) is used to make a device 
of the present invention inexpensive and allow the pad to have 
a low profile (fewer connecting cables for a given spatial 
resolution) The array is thinned without reducing the receiver 
area by limiting the angular field of view. Grating lobes due to 
array thinning can be reduced by using wide bandwidth and 
time delay steering. The array, orportions of the array, is used 
to sequentially insonate the beam positions. Once the region 
of interest has been imaged and coarsely mapped, the array is 
focused at aparticular location on aparticular blood vessel for 
measurement and tracking. Selection of the point or points to 
be measured and tracked can be based on information 
obtained via mapping and may be user guided or fully auto 
matic. Selection can be based, for example, on peak response 
within a range of Doppler frequencies at or near an approxi 
mate location. 
0302) In the tracking mode a few receiver beams are 
formed at a time: Sum, azimuth difference, elevation differ 
ence, and perhaps, additional difference beams, at angles 
other than azimuth (=0 degrees) and elevation (=90 degrees). 
Monopulse is applied at angles other than 0 and 90 degrees 
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(for example 0, 45,90, and 135 degrees) in order to locate a 
vessel in a direction perpendicular to the vessel. When the 
desired (i.e. peak) blood Velocity signal is not in the output, 
this is instantly recognized (e.g., a monopulse ratio, formed 
after Doppler filtering, becomes non-Zero) and the array is 
used to track (slow movement) or re-acquire (fast movement) 
the desired signal. Re-acquisition is achieved by returning to 
step one to form and Doppler-process a plurality of beams in 
order to select the beam (and the time delay or “range gate') 
with the most high-Doppler (high blood velocity) energy. 
This is followed by post-Doppler monopulse tracking to lock 
a beam and range gate onto the exact location of the peak 
Velocity signal. In applications such as transcranial Doppler, 
where angular resolution based on wavelength and aperture 
size is inadequate, fine mapping is achieved, for example, by 
post-Doppler monopulse tracking each range cell of each 
vessel, and recording the coordinates and monopulse-pair 
angle describing the location and orientation of the 
monopulse null. With a three-dimensional map available, true 
vector velocity can be computed. For accurate vector flow 
measurement, the monopulse difference is computed in a 
direction orthogonal to the vessel by digitally rotating until a 
line in the azimuth-elevation or C-Scan display is parallel to 
the vessel being monitored. The aperture is more easily 
rotated in Software (as opposed to physically rotating the 
transducer array) if the aperture is approximately circular (or 
eliptical) rather than square (orrectangular). Also, lower side 
lobes result by removing elements from the four corners of a 
square or rectangular array in order to make the array an 
Octagon. 
0303 All currently available ultrasound devices (includ 
ing "Doppler color flow mapping systems) form images that 
are limited by their resolution. In some applications, such as 
TCD, the low frequency required for penetration of the skull 
makes the azimuth and elevation resolution at the depths of 
interest larger than the vessel diameter. In this invention, as 
long as (1) a blood vessel or (2) a flow region of a given 
velocity can be resolved by finding a 3-D resolution cell 
through which only a single vessel passes, that vessel or flow 
component can then be very accurately located within the 
cell. Monopulse is merely an example of one way to attain 
such sub-resolution accuracy (SRA). Other methods involve 
“super-resolution' or “parametric' techniques used in 'mod 
ern spectral estimation', including the MUSIC algorithm and 
autoregressive modeling, for example. SRA allows an 
extremely accurate map of 3-D flow. 
0304. This invention utilizes post-Doppler, sub-resolution 
tracking and mapping; it does Doppler processing first and 
uses only high Doppler-frequency data. This results in 
extended targets since the active vessels approximate "lines' 
as opposed to “points'. In three-dimensional space, these 
vessels are resolved, one from another. At a particular range, 
the monopulse angle axis can be rotated (in the azimuth 
elevation plane) so that the “line” becomes a “point in the 
monopulse angle direction. That point can then be located by 
using Super-resolution techniques or by using a simple tech 
nique Such as monopulse. By making many such measure 
ments an accurate 3-D map of the blood vessels results. 
0305 Methods for extending the angular field of view of 
the thinned array (that is limited by grating lobes) include (1) 
using multiple panels of transducers with multiplexed pro 
cessing channels, (2) convex V-shaped transducer panels, (3) 
cylindrical shaped transducer panel, (4) Spherical shaped 
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transducer panel, or (5) negative ultrasound lens. If needed, 
moving the probe and correlating the Sub-images can create a 
map of an even larger region. 
0306 Active digital beam forming can be utilized, but the 
implementation depends on a choice to be made between 
wideband and narrowband implementations. If emphasis is 
on high resolution mapping of the blood vessels, then a wide 
bandwidth (e.g., 50% of the nominal frequency) is used for 
fine range resolution. If emphasis is on Doppler spectral 
analysis, measurement, and monitoring, the map is only a 
tool. In this case, a narrowband, low cost, low range-resolu 
tion, high sensitivity implementation might be preferred. A 
wideband implementation would benefit in performance 
(higher resolution, wider field of view, and reduced grating 
lobes) using time-delay steering while a narrowband imple 
mentation would benefit in cost using phase-shift steering. 
The invention can thus be described in terms of two preferred 
implementations. 
0307. In a wideband implementation, time delay steering 
can be implemented digitally for both transmit and receive by 
over-sampling and digitally delaying in discrete sample inter 
vals. In a narrowband implementation, (1) phase steering can 
be implemented digitally (digital beam forming) for both 
transmit and receive, and (2) bandpass sampling (sampling at 
a rate lower than the signal frequency) can be employed with 
digital down-conversion and filtering. 

Overview of this Embodiment 

0308. This embodiment of the present invention involves 
(1) a family of ultrasound sensors, (2) the interplay of a set of 
core technologies that are unique by themselves, and (3) a 
number of design options which represent different ways to 
implement the invention. To facilitate an organizational 
understanding of this many-faceted invention, a discussion of 
each of the three topics above follows. 
0309 The sensors addressed are alt two-dimensional (i.e., 
planar or on the Surface of a convex shape Such as a section of 
a cylinder) arrays of piezoelectric crystals for use in active, 
non-invasive, instantaneous (or real-time), three-dimensional 
imaging and monitoring of blood flow. While the sensors and 
the techniques for then use apply to all blood vessels in the 
body, the figures and detailed description emphasizes the 
transcranial Doppler (TCD) monitor method as a nonlimiting 
example. The method of the present invention utilizes a new, 
useful and unobvious approach to 3-D imaging of blood 
velocity and blood flow that (1) allows for finer image reso 
lution than would otherwise be possible with the same hard 
ware complexity (number of input cables and associated elec 
tronics) and (2) allows for finer accuracy than would 
ordinarily be possible based on the resolution. The invention 
measures and monitors 3-D vector velocity rather than merely 
the radial component of Velocity. 
0310. The core technologies that constitute the invention 
are (1) array thinning with large elements and limited Scan 
ning, (2) array shapes to reduce peak sidelobes and extend the 
field of coverage. (3) post-Doppler Sub-resolution tracking, 
(4) post-Doppler Sub-resolution mapping, (5) additional 
methods for maximizing the angular field of view, and (6) 
various digital beam forming procedures for implementing 
the mapping, tracking, and measurement processes. The 
invention encompasses array thinning, where the separation 
between array elements is significantly larger than half the 
wavelength. This reduces the number of input cables and 
input signals to be processed while maintaining high resolu 
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tion and sensitivity and avoiding ambiguities. In the TCD 
application, where signal to noise and hence receiver array 
area is of paramount importance, array thinning is possible 
without reducing the receiver array area because a relatively 
Small (compared to other applications) angular field of view is 
needed. 
0311. Thinning with full aperture area imposes limitations 
on the angular field of view. Methods for expanding the field 
of view include using more elements than are active at any 
one time. For example, if the electronics is switched between 
two identical panels, the cross-rangefield of view at any depth 
is increased by the size of the panel. If the panels are pointed 
in slightly different directions so that overlapping or redun 
dant beams are avoided, the field of view is doubled. A gen 
eralization of this approach involves the use of an array on a 
cylindrical or spherical Surface. 
0312. In the TCD application, the achievable angular reso 
lution is poor, regardless of the method of thinning, or 
whether or not thinning is used. Once a section of a blood 
vessel is resolved from other vessels in Doppler, depth, and 
two angles (aZandel), Post-Doppler Sub-resolution process 
ing locates that section to an accuracy that is one-tenth to 
one-twentieth of the resolution. This allows for precise track 
ing and accurate mapping. Tracking provides for the possi 
bility of unattended long term monitoring and mapping aids 
the operator in selecting the point or points to be monitored. 
0313. One of ordinary skill in the art will readily recognize 
that there are many options available in the design of any 
member of the family of sensors that utilizes any or all of the 
core technologies that comprise this invention, all of which 
are encompassed by the present invention, A two-dimen 
sional array is established art that can be designed in many 
ways and can have many sizes and shapes (rectangular, round, 
etc.). 
0314. As with other nonlimiting embodiments of the 
present invention set forth above, this embodiment is a non 
invasive, continuous, unattended, Volumetric, blood vessel 
tracking, ultrasound monitoring and diagnostic device for 
blood flow. It will enable unattended and continuous blood 
Velocity measurement and monitoring as well as 3-dimen 
sional vascular tracking and mapping using an easily 
attached-electronically steered, transducer probe that can be 
in the form of a small pad for monitoring application, when 
desired. Although a device of the present invention has appli 
cations with blood vessels in any part of the body, the cranial 
application will be used as a specific example. A device of the 
present invention can, for example: 

0315 1. Measure and continuously monitor blood 
velocity with a small low-profile probe that can be 
adhered, lightly taped, strapped, banded, or otherwise 
easily attached to the portion of the body where the 
vascular diagnosis or monitoring is required. 

0316 2. Track and maintain focus on multiple desired 
blood vessels in spite of movement. 

0317 3. Map 3-D blood flow; e.g., in the Circle of Willis 
(the central network of arteries that feeds the brain) or 
other critical vessels in the cranial volume. 

0318 4. Perform color velocity imaging and display a 
3-0 image of blood flow that is rotated via track ball or 
joystick until a desired view is selected. 

0319 5. Form and display a choice of projection, slice, 
or perspective views, including (1) a projection on a 
depth-azimuth plane, a B-scan, or a downward-looking 
perspective, (2) a projection on an azimuth-elevation 
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plane, a C-scan, or a forward-looking perspective, or (3) 
a projection on an arbitrary plane, an arbitrary slice, or 
an arbitrary perspective. 

0320 6. Use a track ball and buttons to position circle 
markers on the points were measurement or monitoring 
of vector velocity is desired. 

0321 7. Move the track location along the blood vessel 
by using the track ball to slide the circle marker along the 
image of the vessel. 

0322 8. Display actual instantaneous and/or average 
vector Velocity, estimated average Volume flow, and/or 
Doppler spectral distribution. 

0323 9. Maintain a multi-day history and display aver 
age blood velocity versus time for each monitored vessel 
over many hours. 

0324 10. Sound an alarm when maximum or minimum 
Velocity is exceeded or when emboli count is high; and 
maintain a log of emboli detected. 

0325 11. Track, map, and monitor small vessels (e.g., 1 
mm in diameter), resolve vessels as close as 4 mm apart 
(for example), and locate them with an accuracy of t0.1 
mm, for example. 

0326. This embodiment of the present invention will allow 
a person with little training to apply the sensor and position it 
based on an easily understood ultrasound image display. The 
unique sensor can continuously monitor artery blood Velocity 
and volume flow for early detection of critical events. It will 
have an extremely low profile for easy attachment, and can 
track selected vessels; e.g., the middle cerebral artery (MCA), 
with no moving parts. If the sensor is pointed to the general 
volume location of the desired blood vessel (e.g., within +1 
cm.), it will lock to within +0.1 mm of the point of maximum 
radial component of blood flow and remain locked in spite of 
patient movement 
0327. A device of the present invention can remain 
focused on the selected blood vessels regardless of patient 
movement because it produces and digitally analyzes, in real 
time, a 5-dimensional data base composed of signal-return 
amplitude as a function of 
0328 1. Depth, 
0329 2. Azimuth, 
0330 3. Elevation, 
0331 4. Radial component of blood velocity, 
0332 5. Time. 
0333 Since a device of the present invention can automati 
cally locate and lock onto the point in three dimensions hav 
ing the maximum high-Doppler energy, i.e. maximum Vol 
ume of blood having a significant radial Velocity, unattended 
continuous blood Velocity monitoring is one of its uses. By 
using the precise relative location of the point at which lock 
occurs as a function of depth, a device of the present invention 
can map the network of blood vessels as a 3-dimensional 
track without the hardware and computational complexity 
required to form a conventional ultrasound image. Using the 
radial component of Velocity along with the three-dimen 
sional blood path, a device of the present invention can 
directly compute parameters of blood flow, such as vector 
velocity, blood flow volume, and Doppler spectral distribu 
tion. 

0334. A device having applications in a method of the 
present invention is a non-mechanical Doppler ultrasound 
imaging sensor comprising probes, processing electronics, 
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and display. Specific choices of probes allow the system to be 
used for transcranial Doppler (TCD), cardiac, dialysis, and 
other applications. Just as with other embodiments of the 
present invention set forth above, this embodiment has appli 
cation for medical evaluation and monitoring multiple loca 
tions in the body. However, the transcranial Doppler applica 
tion will be used as an nonlimiting example. FIG. 13 shows 
the overall TCD configuration and a typical definition of the 
display screen. The TCD system is comprised of one or two 
probes that may be attached to the head with a “telephone 
operators band' or a Velcro strap. The interface and process 
ing electronics is contained within a small sized computer. A 
thin cable containing from 52 to 120 micro coax cables, 
depending on the example probe design used, attaches the 
probe to the electronics in the computer. When the operator 
positions the probe on the head and activates the system, the 
Anterior, Middle and Posterior Cerebral Arteries and the 
Circle of Willis are mapped on the screen along with other 
blood vessels. The arteries or vessels of interest are selected 
by manually locating a cursor overlaid on the vessel 3-D map. 
The system locks onto the blood vessels and tracks their 
position electronically. A variety of selected parameters are 
displayed on the screen; e.g., the Velocity, the pulse rate, depth 
of region imaged, gain and power level. Using only one probe 
the TCD can monitor multiple arteries (vessels) at a time. By 
way of example, presented on the screen are dual traces, one 
for each artery selected. The blood velocity can be dynami 
cally monitored. As shown in FIG. 13 both the current blood 
Velocity (dark traces) and any historic trace (lighter color) can 
be displayed simultaneously. The average blood velocity or 
estimated average flow for each artery is displayed below the 
respective Velocity trace. The image shows the arteries and 
the channel used for each artery. When two probes are used, 
the display is split showing signals from both of them. For 
example, using a different probe (i.e., different size) with the 
same electronics and display, the unit can be used to measure 
and monitor the blood flow in a carotidartery. Similarly, it can 
be used to perform this function for dialysis, anesthesia, and 
in other procedures. 
0335 The sensor is a two dimensional array of transducer 
elements (e.g., piezoelectric crystals) that are electronically 
activated in both transmit and receive to effect a scan. For 
example, if a square (NXN) array is used, up to N elements 
could be used at the same time. This is illustrated in FIG. 14 
for the case of N=8. The array need not be square. Any MXN 
array may be utilized in this manner. ALL received signals (52 
in the example of FIG. 13) are sampled, digitized, and pro 
cessed. This can be done, for example, in a desktop or laptop 
personal computer with additional cards for electronics and 
real-time signal processing as illustrated in FIG. 13 and FIG. 
21. The array is phase steered or time-delay steered, depend 
ing on the bandwidth utilized, which depends in turn on the 
desired range resolution. The angular field of view shown in 
FIG. 15 is limited by the existence of grating lobes caused by 
array thinning (spacing the array elements more than /2 wave 
length apart). The concept is illustrated below for a 1-dimen 
sional array forming a beam that measures only one angle. 
For a two-dimensional array, this represents a horizontal or 
vertical cut through the cluster of beams shown in FIG. 15. 
0336. The frequency utilized for TCD is usually at or near 
2 MHZ because higher frequencies do not propagate well 
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through bone and lower frequencies do not provide adequate 
reflection from the blood cells. However, other frequencies 
have applications when examining other pads of the body. 
With a propagation velocity of 1.54 millimeters per micro 
second, the wavelength is 0.77 mm. If a filled array is utilized, 
the element size and array pitch would be d=0.77/2. For a 
cross-range resolution of 5.8 mm or less at a depth of 60mm, 
the array size, L. must be at least 8 mm (Resolution-depthx 
wavelength/L). Since N=L/d in FIG.2, N must exceed 21 and 
hence the array must have on the order of N or over 400 
elements. If the desired resolution is halved, the array size 
doubles and the number of elements exceeds 1,600. The array 
in FIG. 14 is said to be “thinned because it only has 52 
elements. 
0337 As explained above, “grating lobes’ are ambiguities 
or extra, unwanted, beams 35 caused by using a transducer 
array whose elements are too large and hence too far apart. 
The following analysis illustrates grating lobe Suppression 
for the worst case of narrowband signals and phase-shift 
beam processing. Time delay processing using wideband sig 
nals would be similar, but would further attenuate or elimi 
nate grating lobes, resulting in even better performance. 
Naturally, one of ordinary skill in the art can readily program 
a processor to Suppress or limit grating lobes with the equa 
tions described herein using routine programming techniques 

Let 

0338 

x=(d/2)sin 6, (9) 

represent a normalization for the angle, ~from which 
reflected acoustic energy arrives. The azimuth (or elevation) 
angle, 0, is Zero in the broadside direction, perpendicular to 
the transducer array and d is the width (or length) of a single 
element of the receiver array. The wavelength of the radiated 
acoustic wave is WC/f where c is the acoustic propagation 
velocity (1540 meters/second in soft tissue) and fis the acous 
tic frequency (usually between 1 and 10 megahertz). The 
wide pattern in FIG. 16a is the element pattern 

a(x)=sin JIV/IX. (10) 

The pattern is the product of the element pattern, the array 
pattern, and cos 0 

Each of the two component patterns is plotted separately as a 
function of 0 in FIG. 16a and the total pattern of equation (11) 
is plotted in FIG. 16b. In the far-field, i.e., for arcs L., where 
r is the range or depth and L is the length of the aperture, the 
array pattern steered to the angle 0–0 is 

N- (12) 
da(X) = X. wej2n(-ro) 

=0 

where w n is a weighting to reduce sidelobes and N is the 
number of elements in one dimension. As seen in FIG. 16a, 
equation (12) is periodic in X. The peak at 0=0 (0–0 in FIG. 
16) is the desired beam and the others are grating lobes. 
0339. In the near field, when focused at (r. 6) equation 
(12) is replaced by the slightly better general Fresnel approxi 
mation: 
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N- (13) 

(provided that that the range significantly exceeds the array 
size, re-L), where X=d sin 6/7 as before, and 

0340 Because the receiver aperture is sampled with a 
spatial period of d, the receiver array pattern will be periodic 
in sin 0, with a period of Wa (equation 12). This periodicity 
means that the array pattern is ambiguous. When the array is 
pointed broadside (0–0), it will also be pointed at the angle 
0=sin (Wal), for example. In terms of the normalized vari 
able, X, the period is unity. Since sin 0 cannot exceed 1, the 
variable is confined to the interval -d/W, d/2. The conven 
tional element spacing is d-W2. Thus, in a conventional 
phased array, x is always between -0.5 and +0.5, and hence 
ambiguities are not encountered. In a highly thinned array 
(d>}) there will normally be ambiguities or grating lobes as 
illustrated in FIG. 16a. The second grating lobe, at x=2 or 
0=sin (2 /d) is not real when d does not exceed 2. 
0341 FIG. 16b shows that the unsteered total pattern does 
not exhibit grating lobes. In a 20 two dimensional array, the 
elements could be rectangular instead of square (dxxdy) and 
the results would still be valid. Similar results could be 
obtained for an array in which the elements are staggered 
from row to row (and/or column to column). 
(0342. In FIG. 17 the same array is used as in FIG. 16, but 
the receiver element signals are combined with a phase taper 
that steers the beam to X=0.2 or 0=4.71. In FIG. 17b, we see 
that the grating lobes are not completely Suppressed, with the 
largest one at x=-1+0.2=-0.8 or 0=-19.18. FIG. 18 shows 
this in decibels. The worst-case grating lobe is attenuated by 
at least 12 dB, even in the stressing case of extremely narrow 
band operation. These Figures were produced in MATLAB, 
using the following software (m-file): 
(0343 MPATTERN xpattern.x Script to plot monostatic 
patterns vs. theta 
(0344) Mt=90; wave length=0.77: d=1.875, N=8, 
0345 k-d/wave length 
0346 t=-Mt: 0.1:Mt: 
0347 tripi.*t'/180; 
(0348 x=k*sin(tr): 
0349 p-pix--eps; R=sin(p) /p: 
0350 R=R* cos(tr); 
0351 n=0:N-1; 

0355 w nanning(N): 
0356 E=(2/N)*w'*e: 

0357 E=(1/N)*ones(1,N)*e: 
0358 subplot(211); plot (t, abs(R):abs (E))); 
0359 ER=abs(E).*abs(R); Monostatic 
0360 subplot(212); plot (t, (abs(ER))); 
0361 FIG. (2); plot (t, 20*loq 10(abs (ER))); 
0362 Zoom on: 
0363 The values of d and used in the above example are 
representative for a transcranial Doppler application of the 
invention. If f=2 MHZ is chosen for the center frequency, the 
wavelength is 0.77 mm. An 8x8 array with a width and/or 
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length of L-15 mm, provides a one dimensional thinning 
ratio of 2d/?w=4.87. A 15 mm square array with half-wave 
length elements would require more than 15,000 elements. 
By thinning, this number was reduced to 52 provided that— 
the angular field of view is limited to 2x4.71=9.42. For a 1 
cm array at 2 MHz, the hyperfocal distance (where the 3 dB 
focal region extends to infinity) is L/4-3.25 cm. For a 15 
mm array, the hyperfocal distance is 7.3 cm. Thus, a fixed 
focus probe Suffices for this application, but the quadratic 
phase distribution across the elements required to focus in 
depth should be added to the linear phase distributions 
required to steer the beams. 
0364. Using the configuration described above, the cluster 
of beams in FIG. 15 is used to approximately locate the 
desired point for collecting the blood velocity signal. This is 
done initially, and is repeated periodically, in mapping dwells 
that are interspersed with normal measurement dwells. For 
example the output of each beam in the cluster would be 
Doppler processed by performing an FFT or equivalent trans 
formation on a sequence of pulse returns. The pulse repetition 
frequency (PRF) would typically be less than or equal to 9 
kHz to unambiguously achieve a depth of 8.5 cm for the TCD 
application. In order to obtain a Velocity resolution finer than 
Av=2 cm per second (to distinguish brain death), a dwell of 
duration as long as T-W(2AV)=20 ms, cr170 pulses at 8.5 
kHz, may be desired in the measurement mode During mono 
static mapping, 21 beams are scanned. If a mapping dwell is 
to be completed in 20 ms, only 8 pulses per beam are avail 
able, and an 8-pulse FFT would be utilized for each beam 
position. 
0365. The example shown in FIGS. 16 through 18 was an 
8 by 8 receiver array forming a 5 by 5 cluster of beams. This 
is an example of an approximate rule of thumb for this inven 
tion, that an N element linear array is recommended for use in 
producing N/2+1 beams for Neven and N+1/2 beams for N 
odd. Thus, a 16 by 10 element rectangular array would pref 
erably be used to form a 9 by 6 cluster of beams, though the 
actual number of beams formed is arbitrary 
0366 Because receive beams are formed only in a limited 
angular region, a wide-angle receiver element pattern (which 
usually implies a small element) is not required. In fact, the 
size of the receiver element can be as large as the element 
spacing. Thus the receiver array is “thinned only in the sense 
that the element spacing exceeds a halfwavelength. Since the 
element size also exceeds a half wavelength, the array area is 
not reduced. It is thinned only interms of number of elements, 
not in terms of receiver area, Consequently, there is no reduc 
tion in signal-to-noise ratio, nor a requirement for increased 
transmitter power. 
0367 FIG. 19 illustrates a means for increasing the angu 
lar field of view in the azimuth direction by extending the 
array horizontally. A similar scheme could be used vertically 
to extend the elevation F.O.V. The 52-element array of FIG. 
14 becomes a single panel of the extended array. One panel is 
active at a time in FIG. 19. The beamwidth for FIG. 14, in 
radians, is nominally given by WL. At a range or depth of R, 
the cross range resolution is RWL (typically 3 to 5 mm). The 
F.O.V in millimeters at that same range is less than N/2+1=5 
times that beamwidth. If a second panel is used in a planar 
configuration, the second panel translates the beam pattern to 
the right (or left) by the width of the panel, L=L/2 (typically 
8 mm). The field of view can be extended by more than this (it 
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can even be doubled) by tilting the two panels in opposite 
directions to minimize the overlap in coverage of the two 
panels. 
0368 FIG. 19, with LisL, simultaneously provides: (1) a 
large F.O.V. in the L direction to allow for the simultaneous 
monitoring of two blood vessels more than an inch apart, (2) 
a large active array area for high sensitivity, and (3) a number 
of active elements below 60 and a total number of elements 
below 120. An alternative, shown in FIG. 20, has the array on 
the Surface of a segment of a cylinder. This uses 52 elements 
at a time with a total of only 84 elements (and hence only 84 
cables). The LXL'active array translates around the curved 
Surface as the beam is scanned horizontally. If a symmetric 
F.O.V. extension (azimuth and elevation) is desired, a spheri 
cal surface could be utilized. 
0369 FIG. 21 is an overall block diagram depiction of the 
overall blood flow monitor. Most functions are performed by 
means of software in the digital processor. Naturally, one of 
ordinary skill in the art can readily program the processor to 
perform functions described herein using equations set forth 
herein and routine programming techniques. A possible 
implementation of the analog processing is diagrammed in 
FIG.22. The A/D converter can be abank of converters or one 
or more converters multiplexed amongst the 52 channels. If 
an extended array such as shown in FIG. 19 or 20 were used, 
a switch would be included between the 52 processing chan 
nels in FIG. 22 and the actual elements. Note that the 52 
element array of FIG. 14 represents an 8x8 array with corners 
removed (52=8x8-4x3). Other possibilities include a 24 ele 
ment array (24=6x6-4x3), a 120 element array (120-12x12 
4x6), etc. 
0370. The transmitter produces pulses for each active ele 
mentatapulse repetition frequency (PRF) of 8,500 pulses per 
second. Each pulse will be at a frequency off 2 MHZ and 
will have a bandwidth, B, of at least 250 kHz (e.g., a pulse no 
more than 4 microseconds long). 
0371 For measurement, only one or two beam positions 
need be insonated by a single probe. For mapping, many 
beam positions must be insonated, with several pulses on each 
for moving target indication (MTI) and/or Doppler process 
ing. A measurement frame duration longer than 20 millisec 
onds (170 pulses at an 8.5 kHz PRF) may not be necessary 
because of the non-stationary (pulsed) nature of human blood 
flow. Mapping, requires several (4 to 11) pulses per beam 
position and many (e.g., 21 to 36) beam positions per frame. 
Since the Doppler resolution for mapping is not as fine as in 
the measurement mode, longer mapping frames can be used. 
If only 21 beams are formed with 8 pulses on each or if up to 
34 beams are formed with only 5 pulses on each, a frame 
duration of 20 ms can be maintained ever during search and 
mapping. 
0372 FIG.22 shows 52 identical receiver chains compris 
ing 

0373 1. Processor controlled time gain control and time 
gate (open for up to 26 microseconds for each pulse). 

0374 2. A limiter for dynamic range control. 
0375 3. A low noise amplifier (LNA). 
0376 4. A low pass filter (to pass flzf-B/2 (e.g., fl-2. 
125 kHz) and reject f>5.875 kHz by at least 40 dB 
(assuming f2 MHz and B-250 kHz). 

0377 A/D conversion (typically 12 to 16 bits) is per 
formed at an 8 MHz rate for each channel in FIG. 22. This 
keeps the analog filtering requirements extremely simple. It 
also permits extremely large bandwidths (up to 2 MHz) and 
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time-delay steering. For narrower bandwidths and phase-shift 
steering, bandpass analog filtering and much lower sampling 
rates (determined by B rather than f) could be used. For the 
8 MHZ sampling rate, either time-delay or phase-shift beam 
steering can be utilized (depending on signal bandwidth). 
FIG. 22 depicts time delay steering for the transmitter. The 
distance from each array element to each focal point (each 
beam center at a nominal depth (e.g., 60 mm for TCD) would 
be pre-computed and stored either as a time delay or as a 
phase shift (depending on the type of steering) for each ele 
ment for each beam. If phase shift steering were utilized on 
transmit, the transmitted signal could be created digitally in 
the processor, followed by D/A conversion for each element. 
Hence FIG.22 represents only one possible embodiment of 
the invention. 
0378. An example of the digital receiver processing for the 
case of an 8 MHZ sampling rate per channel is described 
below. The input is 208 12 or 16 bit samples per pulse (8 
samples per microsecondx26 microseconds to allow for a 4 
cm deep radial mapping field of view). 8,500 pulses/second, 
and 52 channels. This results in a maximum average rate of 
52x208x8500 91.9 MegaSamples per second (or 1.84 million 
samples in a 20 ms frame). During measurement, the range 
interval can be narrowed to less than 1 cm, reducing the 
number of samples per pulse to 32. The average rate for 
measurement and monitoring becomes 14 megaSamples per 
second. The receiver processing steps are as follows: 
0379 Buffer (to allow subsequent processing to be per 
formed at the average rate). 
0380 Digitally Down Convert to Baseband (make I and 
Q). 52 channels in parallel. 
0381 Multiply input samples by samples of a 2 MHZ 
cosine wave and -sine wave to create In-phase and Quadrar 
ture samples, respectively. Since the samples are 4 cycle 
apart, the multiplicands are all 0, 1, or -1, and hence no 
multiplications are needed. Ifr(jp) is the real p" sample from 
the j" channel, the complex low-pass signal, s(p) has a real 
part for p 0, 1, 2, 3, 4, 5, ... given by 

0382 r(i,0),0, -r(2), 0, r(i. 4).0, . . . . 
and an imaginary part given by 

0383 0, -r(1), 0, r(.3), 0, -r(.5), . . . . 
0384. This provides a data rate 2 times the input rate 
because the data is now complex. 
0385 Pre-Decimation Low-Pass Digital Filter. Filter 52 
complex channels. Pass fl-B/2, reject flar-B/2, where r is 
the sampling rate after sample rate decimation (e.g., 1 MHz). 
If B-250 kHz, r could be as low as 500 kHz. If B is large, r 
could be 2 or 3 MHz. If receiver phase-shift steering were to 
be performed, the output samples would be computed at the 
decimated rate. If receiver time-delay steering is to be used, 
we output 8 million complex samples per second and post 
pone sample rate decimation until after beam formation. 
0386 Perform MTI or create coarse Doppler cells. For 
every channel and every range sample, either digitally high 
pass filter the sequence of pulse returns to suppress clutter 
from tissue and bone or perform 52x208 8-point discrete 
Fourier transforms (DFTs or FFTs) for each mapping frame. 
(Six points of the 8-point complex DFT provides 3 positive 
and 3 negative coarse Doppler cells.) 
(0387 Perform Digital Beamforming. Case 1: Time Delay 
Beamforming with Sample Rate Decimation uses a set of 
pre-computed time delays to reduce 52 complex channels 
with 208 samples per pulse to one of M (e.g. 21) complex 
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beam outputs with 25 samples (range cells) per pulse. The 
example given here assumes 8:1 decimation. 
0388. The maximum delay is slightly less than 0.75 us=6 
T, where T=/8 microsecond is the time between input 
samples. For a given pulse return, the k" sample (k=1,2,... 
, 25) of the i' beam, i=1,2,..., M, is denoted by b(i,k). The 
p" sample (p=1,2,..., 208) of the jth input channel (=1,2, 
... , 52) is denoted by s(jp). Let d be the delay required for 
the signal in channel j to produce beam i. 
0389 For a given pulse return, the k" complex 1 MHz rate 
output sample for beam i is 

52 

where b is the integer part of d/T (between 0 and 6) anda, 
is the fractional remainder (between 0 and 1). Determine 
power or amplitude in each output Doppler binas I+Q'or its 
square root: 
0390 Case 2: Phase-shift beam forming of already deci 
mated data involves only a sequence of inner products of 
52-dimensional complex vectors of element values with a 
complex vector of representing the required phase shifts 
0391 Display Coarse Blood-Vessel Color-Flow Map. 
Coarse blood vessel map is the set of range, azimuth, and 
elevation cells with high power, with 6 Doppler values. Blue 
and red represent positive and negative Doppler, with Satura 
tion related to radial velocity and intensity related to power. 
0392. Initialize Acquisition. The user, looking at an azi 
muth-elevation Coarse Map (with depth automatically trun 
cated to a set of values that should include the MCA), moves 
the transducer and looks for a high-intensity, Saturated spot. 
He can center the probe on that spot or he can have a device of 
the present invention display a range interval corresponding 
to the ACA, in which case he can make sure that both vessels 
are well within the angular field of view of the probe. 
0393 Acquisition and Tracking of one or two points being 
monitored. This is done with a single transmit beam focused 
on the spot identified above for several frames. Digital Down 
conversion, low-pass filtering, and MTI are performed as 
before, but beam forming is different. Five receive beams are 
simultaneously formed. These are a Sum beam and four 
monopulse difference beams, all steered to the same point as 
the transmit beam. Each monopulse beam is equivalent to the 
difference between the outputs of a pair of beams displaced 
on opposite sides of the focal point. The four monopulse pairs 
are in 45 degree intervals with the first being horizontal, and 
the third being vertical. The monopulse-difference output 
with the largest magnitude is divided by the output of the sum 
beam. The imaginary part is the "monopulse ratio used to 
re-steer the beam (in the difference pair direction) so that it is 
better centered on the vessel. This procedure can be repeated 
in an effort to drive all four monopulse ratios to Zero. 
0394 Measurement and Tracking. Tracking continues as 
described above during the measurement mode. Measure 
ment is made with fine Doppler resolution (128 point FFT) 
applied to only the sum beam. In a 15 ms frame, data from 128 
pulses are collected (52 channels, 6 range samples). The 
pulses are Hamming weighted and FFT'd. This produces 128 
Doppler bins (for each range bin and element), 66.4 times a 
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second. Real sum beam outputs would then be produced 
(using monopulse-guided steering) for each of 64 to 126 of 
these Doppler bins. 
0395 Ultrasound systems include a beam former and an 
image processor. The transmit waveforms from the beam 
former are converted to acoustical energy, and the reflected 
acoustical energy is converted into receive signals by an array 
of transducer elements. U.S. application Ser. No. 09/926,665, 
assigned to the present invention and now allowed, describes 
one method of providing thinned arrays for use in ultrasound 
systems and is hereby incorporated by reference in its 
entirety. While the invention is described in terms of ultra 
Sound applications, and in particular, Doppler ultrasound 
embodiments, the invention is not limited to Doppler Ultra 
Sound operation, but is applicable to all active phased arrays, 
including Sonar, radar, and coherent optics, regardless of 
whether or not Doppler processing is involved. 

Antifocusing 

0396. In imaging blood vessels, it is desirable to obtain a 
measure of blood volume flow in real time. Therefore, the 
problem of forming N voxels in real time while dwelling 
long enough to measure blood Velocity arises. According to 
an embodiment of the invention, a solution to this problem is 
provided by “anti-focusing the transmitting array. FIG. 24 
illustrates the concept of antifocusing. For purposes of this 
specification, antifocusing refers to configuring an array 5 to 
transmit a broad transmit beam 6 Such that a large region of 
interest 8, for example a blood vessel of the human body, is 
insonated simultaneiously. One method of accomplishing 
antifocusing the array according to an embodiment of the 
invention, is by introducing time delays that correspond to a 
diverging wavefront. Alternative embodiments of the inven 
tion rely on phase shifting to achieve the antifocusing effect. 
In any case, one embodiment of the invention employs the 
concept of antifocusing a transmitter array. An antifocused 
transmitter pattern is a pattern that simultaneously illumi 
nates or ensonifies a plurality of receiver beams. In one 
embodiment of the invention, antifocusing is accomplished 
by employing time-delays to the transmitter elements. The 
transmitter delays increase with the distance of the array 
element from the center of the array. These delays provide a 
wavefront that appears to propagate from the array as if it 
came from a point source behind the array. The location of 
this fictitious point source is the antifocal point 9 and its 
distance from the array center is the antifocal distance. 

Reducing Grating Lobes 

0397. A significant disadvantage of known phased arrays 
is the unwanted presence of grating lobes and other unpre 
dictable secondary intensity maxima which can potentially 
lead to ambiguities in the received signal. The need to reduce 
side lobes and grating lobes is common to all arrays reported 
to date. Several techniques including apodization, broad 
banding and the use of Subsets of elements have been inves 
tigated to reduce the effect of side lobes. No effective tech 
nique has yet been developed to satisfactorily address the 
problem of grating lobes. U.S. application Ser. No. 09/926, 
666 of which this application is a continuation in part, 
addresses the problem of grating lobes. This phenomenon 
arises, in part due to the spacing between the elements of a 
transducer array. It is especially desirable in thinned arrays to 
reduce the effects of grating lobes. According to an embodi 
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ment of the invention, transmitter patterns are generated that 
have nulls where receiver grating lobes could lead to ambi 
guities in the received signal. In order to provide Such nulls, 
transmit signal amplitudes are selected to maintain low trans 
mit sidelobes in the regions of receiver grating lobes, thereby 
reducing the effects of the grating lobes. 

Simplifying Processing 

0398. It is desirable to simplify the processing of received 
signals and to maintain the ratio of the received signal to noise 
and other types of interference, including grating lobes. An 
embodiment of the invention provides a transmitter pattern 
having a nearly constant amplitude over a broader angular 
region than would be obtained by transmitting a typical lobed 
pattern. Accordingly, received energy from that region 
remains relatively constant as the illumination of that area 
remains constant This simplifies processing of the receive 
beam information. According to an embodiment of the inven 
tion, in order to simplify the processing of received beams, a 
transmit beam is formed which causes multiple receive array 
elements to receive equal reflected energy. FIG. 28 illustrates 
the general shape of the transmit beam according to an 
embodiment of the invention wherein the nearly constant 
amplitude portion of the transmit pattern is indicated at 405. 
0399. The transmitter pattern illustrated in FIG. 28 is 
formed by adjusting the amplitudes of the transmit array 
elements in addition to the providing the delays (or phase 
shifts) that result in antifocuing the beam. This amplitude 
adjustment permits the transmit beam to have a relatively flat 
pattern at the top as well as having nulls in the region of 
grating lobes. 
0400. The example shown if FIG. 28 is a wide transmit 
beam pattern characterized by an almost-constant amplitude 
almost up to the first dip 406, and with a deep null (the second 
dip 407) occurring at the angle of the grating lobes of a 
center-focused (un-steered) receiver pattern. One embodi 
ment of the invention is implemented using a thinned array. 

Combination 

04.01. In one embodiment of the invention, a wide transmit 
beam pattern is characterized by an almost-constant ampli 
tude almost up to the first dip, and with a deep null (the second 
dip) occurring at the angle of the grating lobes of a center 
focused (un-steered) receiver pattern using a thinned array. 
By providing a transmit pattern that has been optimized to 
provide at Substantially all ranges (including the near field), a 
flat, broad, mainbeam with low sidelobes and a null at the 
grating lobe location, multiple receiver elements can be 
simultaneously ensonated. 
(0402 FIGS. 25 (a-f) are two dimensional (2-D) Matlab 
representations of a pulsed, digitally processed, sampled and 
quantized transmitter beam pattern according to an embodi 
ment of the invention. In FIG. 25 range is denoted by the letter 
“r”. The X axis of each figure indicates cross range in milli 
meters. They axis in each figure indicates transmitter output 
amplitude in decibels (db). The location of a would be 
receiver grating lobe corresponding to the cross range direc 
tion of the transmitted energy is indicated by an arrow in each 
figure. The pattern is illustrated at six different ranges (also 
referred to herein as depths): 15 mm, 20 mm, 30 mm, 40 mm. 
60 mm and 120 mm respectively. The example shown repre 
sents a demodulated signal for a pulse comprising a plurality 
of cycles of a 6 Mhz. carrier. As can be seen from the drawing, 
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the waveform is characterized by having nulls (indicated by 
arrows) in positions corresponding to receiver grating lobes. 
0403 FIGS. 26 (af) are Matlab pulsed simulations of 
patterns of a 16 element linear receive array. The simulations 
plot amplitude as a function of acoustic scatter cross range 
location, according to an embodiment of the invention. The 
figures compare the center focused array patterns (a-c) to the 
patterns (d-f) of an array steered 3 elements to the left of 
center. In FIGS. 26 (a-c) the pattern is center focused at X, 
Z=(0 mm, 60 mm) with a resolution of 1.2 mm. FIG. 26a 
illustrates the amplitude of the combined transmit/receive 
pattern in the X, Z plane. FIG. 26b is a 2-D linear representa 
tion of the combined transmit/receive signal illustrated in 
FIG. 2a plotting amplitude as a function of cross range posi 
tion in mm. In FIG. 26b cross range is indicated in mm along 
the X-axis. And amplitude is indicated along the y-axis. In 
FIGS. 26 a, b, dande amplitude is plotted linearly, e.g., volts. 
In figures FIGS. 26c and f amplitude is plotted logarithmi 
cally in db. FIGS. 26 b and c illustrate sidelobes at 211 and 
220 and main lobe at 210. FIG. 26c is a 2-D logarithmic 
representation of the receiver and transmitter patterns illus 
trated in FIG. 26b. FIG. 26c illustrates sidelobes 220 and 225 
of-33 db on either side of main lobe 210. 
0404 FIG. 26d illustrates the amplitude of the combined 
transmit/receive pattern in the X, Z plane of the same array 
shown in 26a, moved three elements to the left, i.e., (X,Z) 
(-2.7 mm, 60 mm). FIGS. 26e and 26F show in 2-D the 
corresponding linear and logarithmic representations of the 
receiver gain pattern as a function of acoustic scatter cross 
range location at resolution 1.3 mm. As shown in FIG. 26f a 
-25 db grating lobe 230 appears at approximate cross range 
22 mm. Grating lobe 230 can also be seen in FIG. 26e at 230. 
04.05 FIGS. 27 (af) representa simplified 2-D continuous 
wave (CW) simulation of a transmitter pattern according to an 
embodiment of the invention. Transmitter amplitude (indb)at 
ranges of 20 mm, 30 mm, 40 mm, 50 mm, 60 mm and 70 mm 
respectively are illustrated. The pattern is characterized by a 
main lobe 310 having a generally flat top shape. This shape 
allows multiple receive beams to be received at the same 
relative amplitudes, thereby simplifying processing of the 
received information. The shape also allows the ratio of Sig 
nal to (Noise--Interference) to be maintained independently 
of receive beam direction. 

04.06 FIG.28 illustrates the 3-D pattern 400 of a 2-D array 
according to the embodiment of the invention illustrated in 
FIGS. 27 (a-d). The transmitter array is anti-focused and 
amplitude weighted as described herein to produce a pattern 
400 characterized by having a main lobe 410 with a generally 
flat top portion 405 such that an NxNarray of receive beams 
will be illuminated with equal amplitude. Pattern 400 is fur 
ther characterized by having nulls 407 in the region where 
grating lobes of the receive beams would normally appear. 
0407. The beam shapes illustrated in FIG. 27 is described 
by the relationship h(u)=c for luku and h(u)=0 for ludu, 
whereusin 0. In this manner, several receive elements can be 
ensoni fled within the transmitter pattern while grating lobes 
are attenuated. At short range (in the near field), the trans 
mited beam shape is approximately the same as the received 
illumination function. In this case very few transmit elements 
are entirely on. At long range (far field) the receive element 
illumination function g(x) or g(y) and the transmitted pattern, 
h(u) are a Fourier transform pair. Thus, one embodiment of 
the invention uses a sinc function (sin X/X) for illumination. 
The desired illumination function is found by performing a 
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Fast Fourier Transform (an FFT) on a sequence consisting of 
several constant positive values centered about Zero (with 
Zeros elsewhere), and then ignoring every second term of the 
FFT. For example, using the centered odd FFT outputs as 
weighting factors to be applied to array elements provides the 
four-element linear array weights, 

0408 -0.2, 1.0, 1.0, -0.2 
04.09 Wherein the array weight numbers represent ampli 
tudes of the energy applied to the transmit elements. 
0410 This example weighting factor set produces desired 
patterns according to the invention at long ranges and at short 
ranges. In one embodiment of the invention, in addition to the 
weighting factors given above, delays are applied to the inner 
elements corresponding to focusing the array at about 20 mm 
(delay=0, 3, 3, 0 in tics of a 96 MHz clock). As will be 
recognized by those of ordinary skill in the art, other combi 
nations of weights and delays can also be used to produce the 
pattern of the invention. One embodiment of the invention, 
employing time delay steering, provides a 180-degree phase 
shift for the outside elements by either delaying or advancing 
the outer elements by half a cycle. This corresponds, respec 
tively, to either anti-focusing the array, or focusing it at an 
extremely short range. In this embodiment, the delay that 
corresponds to a 180 degree phase shift for a 6 MHZ carrier, is 
8 ticks of the 96 MHz clock. Accordingly, the element 
weights become 

0411 0.2, 1.0, 1.0, 0.2 
and the antifocusing delays become 5, 0, 0, 5 (this is 
obtained by subtracting 3 from 8,3,3, 8 (measured in tics of 
the 96 MHZ clock) (8, 3, 3, 8 is obtained by adding 8 to the 
outside elements of the 0.3.3.0 delay described above. In 
one embodiment of the invention good overall performance, 
using non-negative weights, was obtained with the weights 
above and delays of 6, 0, 0, 6 at 96 MHz. These delays 
correspond to focusing about 9 mm behind the array (in other 
words, anti-focusing). 
0412. In the 5, 0, 0, 5 embodiment anti-focuses of -10 
mm instead of -9 mm also produced the waveform of the 
invention. By adding 8 to I-8, 3.3, -8 delays of 0, 11, 11, O 
are obtained. This corresponds to focusing at a very short 
range. At ranges of interest, the result is the same as antifo 
cusing 
0413 FIG. 29 is a waveform diagram representing one of 
many implementations of the waveforms used to create the 
transmitter beam profiles of the invention. Various embodi 
ments of the invention will use more or less elements to create 
the transmitted beam. The example shown employs an 8x8 
array. The numbers appearing from left to right across the top 
of FIG.29 represent increments of time units. The waveforms 
(0-7) enable energy transmission from a corresponding ele 
ment when high and disable energy transmission from a cor 
responding element when low. In the example shown time 
starts with 0, so waveform 0 has a delay of Zero. 
0414 Waveform 2 has a delay of 25 and so forth. Trans 
mitter elements using waveform 1 are always disabled. Each 
waveform 1-7 transmits a corresponding number of pulses. 
For example, waveform 0 transmits 4 pulses, waveform 2 
transmits 1 cycle and so on. The relative widths of the pulses 
high indicate the duty cycle of the transmitter. For example, 
waveform 1 represents a 50% duty cycle, and waveform 5 
represents a 12.5% duty cycle. The initial positive going edge 
of each waveform relative to time zero indicates the delay. For 
example, waveform 0 has a delay of 0 time units and wave 
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form has a delay of 8 time units. The variation in duty cycle 
and number of pulses are used in lieu of amplitude variation. 
0415 Table 1 illustrates the waveform assignments for an 
8x8 array of elements according to one embodiment of the 
invention. 

TABLE 1. 

1 5 3 O O 3 5 1 

1 5 3 O O 3 5 1 

0416) Table 2 illustrates the contents of a Read only 
memory storing the waveform 

Sel ROM cycles High Low Delay Start 

O waveform 0 4 8 8 O OX3B 
1 waveform 1 
2 waveform 2 1 2 14 25 OXS4 
3 waveform 3 4 4 12 4 OX3F 
4 waveform 4 4 3 13 6 OX41 
5 waveform 5 4 2 14 8 OX43 
6 waveform 6 2 2 14 25 OXS4 
7 waveform 7 2 2 14 26 OX55 

0417 Various publications are cited herein, the disclo 
sures of which are incorporated by reference in their entire 
ties. 
What is claimed is: 
1. A method for long term Doppler ultrasound monitoring 

using an array of ultrasound transducer elements, compris 
ing: collecting and Doppler processing ultrasound blood 
Velocity data in a three dimensional region; locking onto and 
tracking the point(s) in three-dimensional space that produce 
the locally maximum blood Velocity signals. 

2. A method of claim 1, additionally comprising measuring 
radial Velocity at the point(s). 

3. A method of claim 1, additionally comprising forming a 
three-dimensional map of at least one blood vessel based on 
integrating coordinates of points acquired by the tracking 
process. 

4. A method of claim 1, wherein the ultrasound blood 
Velocity data is radial Doppler data, and additionally com 
prising calculating vector Velocity from the Doppler ultra 
sound blood velocity data. 

5. A method of claim 1, additionally comprising providing 
a display that allows selection of multiple points of interest 
for expanded data collection. 

6. A method of claim 1, additionally comprising forming a 
broad ultrasound transmit beam encompassing a plurality of 
narrow receive beams and initially acquiring the blood veloc 
ity data by insonating a large region. 
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7. A method of claim 1, additionally comprising applying 
post Doppler Sub-resolution processing to locate the point(s) 
being tracked to an accuracy that is finer than the resolution. 

8. A method of claim 1, additionally comprising tracking 
and maintaining focus on multiple blood vessels. 

9. A method of claim 1, additionally comprising perform 
ing color Velocity imaging. 

10. A method of claim 1, additionally comprising forming 
and displaying a choice of projection, slice or perspective 
views. 

11. A method of claim 1, additionally comprising display 
ing at least one of instantaneous blood flow velocity and 
average blood flow velocity and estimated average blood flow 
Volume. 

12. A method of claim 1, additionally comprising main 
taining a multi-day history and displaying average blood flow 
velocity versus time for each monitored vessel over a time 
period. 

13. A method of claim 1, additionally comprising Sounding 
an alarm when at least one of a maximum blood flow velocity, 
a minimum blood flow velocity, and an emboli count is high. 

14. A method of claim 1, additionally comprising elec 
tronically rotating the array or portions of the array using 
digital processing techniques. 

15. A transcranial Doppler device for long term Doppler 
ultrasound monitoring comprising an array of ultrasound 
transducer elements and processing electronics that produce 
and digitally analyze data composed of ultrasound signal 
return amplitude as a function of depth, azimuth, elevation, 
radial blood velocity and time and that automatically locates 
and locks onto the point(s) with the maximum Volume of 
blood having a significant radial Velocity. 

16. An ultrasound device comprising an array of ultrasound 
transducer elements and additionally comprising processing 
electronics programmed to operate the array differently in 
transmit and receive modes, to form a transmit beam encom 
passing a plurality of receive beams for initially acquiring a 
signal by insonating a target region comprising multiple 
receive beam positions simultaneously, to receive and Dop 
pler process data from the multiple receive beam positions of 
the array, and to lock onto and track the point(s) in three 
dimensional space that produce the locally maximum blood 
Velocity signals. 

17. A device of claim 16, wherein the processing electron 
ics are programmed to steer the receive beams using a phase 
steering or time-delay steering technique. 

18. A device of claim 16, wherein the processing electron 
ics are additionally programmed to correct for motions in the 
target region by periodically forming multiple receive beams 
and re-acquiring a peak signal. 

19. A device of claim 16, wherein the array of ultrasound 
transducer elements is provided on a low-profile easily-at 
tached transducer pad. 

20. A device of claim 16, wherein the processing electron 
ics are additionally programmed to determine spatial coordi 
nates of received data. 

21. A device of claim 20, additionally comprising a display 
device, and wherein the processing electronics are addition 
ally programmed to form and display a 3D map based on the 
spatial coordinates of received data. 

c c c c c 


