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(57) Abstract: A system for producing an image using an imaging system includes a) transmitting at least one signal of energy
toward an object to be imaged by using two transmitters having the same output amplitude but of an opposite sign, or by using
& one transmitter to perform the task; b) exciting at least one transducer element to produce limited-diffraction array beams or their
square-wave approximations with two levels of quantitations for both sine and cosine functions, ¢) weighting the received signals
spatially with limited-diffraction array beams, their square-wave approximations, or spatial Fourier transform, and d) digitizing and
then transferring received signals through high-speed optical fibers to a system for image reconstructions.



WO 2007/089580 PCT/US2007/002162

TITLE
" High Frame Rate Irhaging System

CROSS REFERENCE TO RELATED APPLICATIONS AND SPONSORED RESEARCH

[001] This application claims the benefit of United States Provisional Application Nos. 60/762,326
filed January 26, 2006, and 60/818,273, filed September 29, 2006, the disclosures of which are
expressly incorporated herein by reference. This invention was made partly with government support
under Grant No. R01 HL60301 awarded by the National Institute of Health. The government has
certain rights in this invention.
FIELD OF THE INVENTION

[002] A novel high-frame rate (HFR) imaging system that uses a square-wave aperture weighting
imaging method to produce multi-dimensional images.

BACKGROUND OF THE INVENTION

[003] Oneofthe limi,ted—diffraction‘beams, the Bessel beam, was first studied theoretically by
Stratton [1] and then experimentally by Durnin et al [2]-[3]. In 1991, new families of limited-
diffraction beams such as X waves were discovered:[4]'-[8]. X waves are multipleffrequency waves
and have the same phase and group velocity. Thc:oretically, limited-diffraction beams can propagate

| to an infinite distance without spreading. In practice, when these béams are produced with finite
aperture and energy, they have a large depth of field. Because of this property, limited-diffraction
‘beams have potential applications in medical imaging [9]-[11], tissue identification [12], - '
nondestructive evaluation (NDE) of materiafs [13], Doppler blood flow measurement [14]-[15], fast

' computation of fields of 2t) array transducers [16], optical communications [17], and other optics
[18] and physics related areas [19]. Recently, X waves have been studied in nonlinear optics [20] and
reported in the “Search and Discovery” column of [21]. ‘

[004] " Based on the studies of lirﬁited-difﬁ'action beams [22]-[23],a two-dimeﬁsional (2D) and
three-dimensional (3D) high frame rate (HFR) imaging method was developed in 1997 [24]-[26] with
its importance reported in [27]. " '

[005] Recently, the present inventor herein discovered a system for extended high frame rate
imaging'using limited diffraction beams, which is disclosed in the co-pending PCT patent application
PST/US06/033751 filed August 29, 2006, which is expressly incorporated herein by reference, and

 which was later the subject of several publications. [28]-[32].

[006] The extended HFR imaging method increases image resolution and field of view [37] as
compared to the conventional delay-and-sum (D&S) methods with a fixed transmission focus [38]
and dynamically focused reception. 'As more and more limited-diffraction array b'ear'ns of different

parameters or plane waves steered at different angleé are transmitted (lower image frame rate), the



WO 2007/089580 PCT/US2007/002162

image quality increases. The trade-off between the image quality and frame rate is useful for imaging
of organs that do not move fast, such a‘sAthe liver and kidney.

[007] Although the extended high-frarhe rate imaging method has many advantages, an imaging
system to implement this method still has many challenges, such as: i) the imaging system is
complicated and requires a large amount of power to operate and thus is difficult to be integrated to a
transducer prbbe that a physician can hold to move freely around a patient; ii) the amount of data
acquired by an array transducer, especially, an array of a large number of elements such as two-
dimensional arrays, is huge and thus would be difficult to be transferred to a separate imaging system
through fewer cables; iii) there would be too many cables to send transmit signals to individual
transducer elements to prodnce ultrasound for an array with a large number elements; and iv) the
image reconstruction process is complicated and requires many circuits.

[008] Therefore, there isa compelling and crucial need in the art to simplify imaging systems for

fast multi-dimensional ultrasound imaging that is made and operated at low cost.

SUMMARY OF THE INVENTION
{0091 Inone aspect there is provided a system for producing a high frame rate, high resolution and
" high contrast |mage The system generally can include: a) transmitting a group ‘of signals of energy
toward one or more objects to be imaged, the signals being welghteq spatially on one or more
. transmitting apertures i) by square waves; or ii) by limited-diffraction beams; b) weigﬁting or Fourier--
transforming receive signals spatially on one or more receiving apertures; ¢) reconstructing a two- or
three-dimensional image data set from i) the transmitted signals, and, ii) the receive signals; and, d) -
reconstructing the image from the image data set of step c.

[0010] In another aspect, there is provided a system for producmg a high frame rate, high resolution
and high contrast velocity vector image of one or more obj ects where at least a part of one or more
objects is moving. The system can genera]ly include: a) transmitting two or more groups of signals
of energy toward the one or more ob_]ects the sngnals being weighted spatially on one or more
transmitting apertures i) by square waves, or by limited diffraction beams; b). welghtmg or Fourier
transforming receive signals spatially on one or more receiving apex’cures ¢) reconstructing two- or
three-dlmensmnal image data sets from the groups ofi i) the transmitted sxgnals and, ii) the recéive
51gnals and d) using the image data sets to reconstruct: 1) a first set of flow velocnty component
|mages in a first direction, and ii)a second set of flow ‘velocity component images in a second
direction that is different from the first direction; and, €) reconstructmg one or more velocity vectors
image from the first and second sets of velocity component 1mages.

[0011] In yét another aspect, there is provided a system for producing a high frame rate, high
resolution and high contrast image of one or more objects. The system can be an apparatus that

generally includes: 1) one or more devices configured to: a) transmit a group of signals of energy

2
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toward the one or more objects, the signals being weighted spatially on one or more transmitting
apertures: i) by square-waves, orAii) by limited diffraction beams; and b) receive, and weight or
Fourier transform receive signals spatially on oﬁe or more receiving apeﬁures; 2) one or more devices
configured to reconstruct a two- or three-dimensional image data set from the transmitted signals and
the receive signals; and,/or 3) one or more devices configured to reconstruct the image from the
image data set.

[0012] In another aspect, there is provided a system for producing a high frame rate, high resolution
and high contrast image comprising an array transducer probe operatively linked via an optical link to
an imaging system. The array transducer probe cari include one or more devices configured to
transmit a group of signals of energy toward the one or more objects, the signals being weighted
spatially on one or more transmitting apertures: i) by square-waves, or ii) by limited diffraction
beams. ’ .

[0013] In still another aspect, there is provided a high frame rate imaging system comprising a high- |
speed optical link between an array transducer probe and an image reconstruction system. The '
optical link can include one or more of the following, alone or in combination: one or more multi-bit

analog-to-digital converters or one or more delta-sigma digitizers configured to produce bit streams;

one or more bit steam combiners configured to funnel multi-channel data into higher-speed bit steams

with fewer channels; one or more light-emission-diodes (LED) or any suitable light-emission devices
: cdﬁﬁgured to convert electrical bit streams to optical signalé; one or more optical spectral combiners .
configured to combine multi-channel optical signals; one or more optical fiber interface and fibers;
and, one or more light detectors and circuits configured to recover original electrical receive echo
data produceq by the array transducer probe. The image reconstruction system can be’ configured to
reconstruct multi-dimensional images through square-wave épertufe v;/eightings or “spatialifast Fourier
. Transform FFT circuits. The system can further include a device to amplify signals from the array
. transducer probe. ' o e
[0014] In yet another aspect, there is providéd a high frame rate im_aging system that can include one
or more of the following, alone or in combination: a) a device capable of recording radio frequency
(RF) data from one or more transducer elements for at least one heart cycle synchronized to an
- electrocardiogram (ECG) signal at a desired frame rate determined by ultrasound propagation speeds
and sysfem t{ming overhead; b) at least one independent linear power transmitter and its associated
fast fransmit/receive (T/R) switch for each transducer element; and, c) a device capable of storing the
‘ acqﬁiyed RF data and transferring the stored data to a computer for one or more of signal processing
and image reconstruction.
[001 5] Various.objects and advantages of this invention will become apparent to those skilled in the
art from the following detailed description of the preferred embodiment, when read in light of the

accompanying drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0016] Fig. 1isasystem block diagram that includes both optical 'processing subsystems and
square-wave aperture weighting and image reconstruction subsystems.

[0017] Fig. 2 is the coordinates of transducer, Fourier space, and an X wave in space.

[0018] Flg 3 is a block diagram of the high frame rate (HFR) imaging system.

[0019]. Fig. 4 shows a block diagram of a Transmitter Board shown in Fig. 3.

[0020] Fig. 5 shows a block diagram of one of the § channels on a Channel Board shown in Fig. 3.

[0021] Fig. 6 shows a block diagram of the Main Board shown in Fig. 3.

[0022] Fig. 7 shows a black diagram of the USB 2.0 Board shown in Fig. 3

[0023] Fig. 8 shows a block diagram of the Front Panel Board shown in Fig. 3.

[0024] Fig. 9 shows ablock diagram of the Power Supply Board shown in Fig. 3.

[0025] Fig. 10showsa graphical user interface (GUI) written in Microsoft Visual C++ and run on
the Microsoft Windows XP operating system to control the HFR imaging system. '

[0026] Fig. 11 shows reconstructed images of wire targets of an ATS539 tissue-mimicking phantom
with limited-diffraction array beam method. '

[0027] Fig. 12 is the same as Frg 1 1 except that rmages of the cystlc and grayscale targets of the

" ATS539 tissue-mimicking phantom were obtained.

'[0028] Fig. "13 shows In vivo heart imageés of a volunteer for comparrson between limited-diffraction a

array beam imaging with square-wave aperture weightings (Panels (a), (b),-and (c)) and other imaging

“methods (steered plane waves in Panels (d), (e), and (f), and D&S method in Panels (g), (h), and (i)).
Panels in the top, middle, and bottom rows correspond to the conditions of 91 (59 frame/s with
187 Hs between transmrssrons), 19A (281 frames/s), and 11 (486 frames/s) transmissions to reconstruct - :
a frame of image, respectively. ' '

[0029] Fig. 14is atable showmg Mechamcal index (MI), thermal index of soft tissues (TIS), and

. acoustrc output (AO, or Igpryas) of the HFR 1magmg system for two drfferent transducers [43].

H [0030] F;g 15 shows reconstructed 1mages of an ATS539 trssue-mlmrckmg phantom with limited-
diffraction array beam transmlssrons where the transmission beams were produced with square-wave
aperture weightings.

[0031] Fig. 16is the same as F ig. 15 except that steered p!ane waves mstead of llmlted diffraction
array beams, were used in transmissions. ) , - A

- [0032] Fig. 17 shows In vivo images of the heart of a volunteer obtamed with limited-diffraction

 array beam transmissions, where the transmission beams were produced with square-wave aperture
weightings.’ ' ‘

[0033] Fig. 18 is the same as Fig. 17, except that steered plane waves, instead of limited- drffractrcm

array beams, were used in transmissions.
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[0034] Fig. 19 shows In vivo images of the heart of a volunteer obtained with steered plane wave
transmlssmns
[0035] Fig. 20 shows In vivo images of a kidney of a volunteer obtained with steered plane wave

transmissions.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT(S)
[0036] 1. High-Frame Rate Ima ine System and Square-Wave Aperture Weightings in
Transmissions

[0037] LA. Theoretical Preliminaries

[0038] To understand the method of limited-diffraction array beam imaging with square-wave
aperture weightings, it is helpful to summarize briefly the extended HFR imaging method and relate it
to the X wave theory [4]-[8] for completeness. From the theory, it is shown that the relationship that
the limited-diffraction array beam aperture weightings [24]-[26] on echo signals are identical to the
2D Fourier transform of the sngnals on the same transducer aperture can be generalized to an arbitrary
transmlt beam. The theory also makes it clear that with the square-wave aperture weightings, the
transm:ssmn scheme of an imager could be simplified from that of the traditional D&S method [38],

i.e., in principle, only one or two transmitters are needed to 1mplement a3D ultrasound 1magmg
system. In addition, the square-wave aperture-weighting concept can also be extended to receptlon
beam forming; potentially simplifying the high-speed digital circuits for image reconstructions.

[0039] LA.l. Generalization of High Frame Rate Imaging Theory

[0040] An N -dimensional isotropic/homogeneous wave equation is given by:
2 2 :

[0041] [ggx—z 12 gt ]cp(" =0, ' A ' QY

,[0042] where x j,( j=12,..,N) krepresents rectangular coordinatesv in an N -dimensional space,
N=1isan mteger dD(r t) is a scalar function (sound pressure, veiocnty potentlal or Hertz

A potentlal in electromagnetlcs) of spatial variables, 7 = (x,, X, 50t xy)s and time, . ¢ is the speed of
sound ina medlum (or the speed of light in vacuum). _ \

[0043] An X wave solution to (1) i 1s given by (assuming N =3, x, = x, xz v, and x;, =z) [4]- -[8):

(I) (7'2):’) (D (7‘0,¢0,ZO —ct)

0044 2
[ ] mqﬁ, IB(]C)J (kr sin gr)e—kla()-lcosfr(zo Cll)ldk (n 0 1 2 ) ( )

[0045] where the subscript “ X, ” represents an » th-order X wave, n is an integer,

7 = (%Xg» Vo Zo) = (*o» #0, Z,) is a spatial point in the rectangular or cylindrical coordinates

:
1
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(x, =r,¢cos¢, and y, =7, singdy) (see Fig. 2), 7, is the radial distance, ¢, is the polar angle, z, is
the axial distance, ¢, =¢/cos{ is both the phase and group velocity of the wave, 0< ¢, <7 /2 is
the Axicon angle {47] of X waves (see Fig. 2), J,(-) is the nth-order Bessel function of the first
kind, B(k) is any well-behaved function that could represent the transfer function of a practical
acoustic transducer (or electromagnetic antenna), 4, is a constant that determin.es the fall-off speed
of the high-frequency components of X waves, and. k =@ /¢ is the wave number, where @ =27 f
is the angular frequency, and f is the temporal frequency. In the following, we assume that

#, = (x,, »,,0) is a point at the surface of the transducer (Fig. 2).

[0046] Summing the X waves in (2) over the index, 7, with the weight, i"e™"* , broadband limited-
diffraction array beams [14],or pulsed steered plane waves (a plane wave is a special case of limited-
diffraction beams) are obtained, which are also limited-diffraction solutions to (1) (see Eq. (3) of
(24p: o S !

Array (%’t) Z lne*lﬂgrq:' (’b’¢05 ZO C,t)

n=-—w .

= _[B(k)[ 3

n=—co

[0047] . 4 s N )

[0048] where 0 <6, <27 is a free parameter.representing an azimuthal angle (see Fig. 2), the"
superscript “7"” in CDf,,my (7, #) means “transmission”, and the subscript ““ Array” represents “array

beams”. Because of the following eduality [48],

[0049] Z i J#” (kr, Sin ¢, )e" o) = gitosingrIostd=ar) | ' @

n=-og

{0050} gn;l "Fhe relationship (see ng. 2), .
| . o k., =ksihg’réosér-—7klr cos &, - : ,
[oos1y 4 .k, =ksing;sinG. =k, sing, T (5)
7c2r = )’céos Sr = \/F——k; =0; where k, =\/kT:;c_z_ = ksmgr
[00521 " where k and k are projections ¢ of the transmission wave vector along the x, and" y, axes,

respeotlvely, the array beams can be wntten as the foliowing Fourier transform palr in terms of time,
(see Egs. (5) and (6) of [24])

. Ar"ﬂJ' (7, t) = -2—17; I A(RYH( k)elk'"x"w"” y(,‘+lkzrzo e ke |
[0053] | ’ )
&)2"@ (;.E’ 3 ﬂ)) - _Iﬂc)_c@ x0+' }’o+i";7-20
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[0054] where A(k)= 27B(k)e™ is a transmitting transfer function of the transducer elements that

includes. both the electrical response of the driving circuits and the electro-acoustical coupling

characteristics [49] and H(@w/c)={l, ®20; 0, & < 0} is the Heaviside step function [50]. The
spectrum of the array beam in (6) is an expression of a monochromatic (single angular frequency @)
plane wave steered at the direction along the transmission wave vector, KT = (k. . k, . k.).

[0055] Similar to (6), the response of a transducer weighted with a broadband limited-diffraction

array beam [14], [33] or pulsed steered plane wave for a point source (or scatterer) located at 7, is

given by the following Fourier transform pair due to the reciprocal principle:

@, Forl) === jT(k)H(k) ket ok R ion g
[0056] , o
(I) A 7, )= we'erﬂ*’ Yo ke Zy
rray >
[+

[0057] where the superscript © R ” means “reception”, T'(k) is the transfer function of the

transducer in reception, (D';,my (F,, @) is an expression of a monochromatic plane wave response

steered at the direction along the receptlon wave vector, K* = (k,, k,,k.), where k, and k, are e

projections of the receptlon wave vector along the x, and y, axes, respectively, and

k. =, /k k2 t’c2 > 0
[0058] If the same array transducer is used as both transmitter and recelver, from (6) and (M), the
recewed signal for the wave scattered from all point scatterers inside the volume, V', of an object
function, f ) (representmg the scattering strength of a scatterer at point 7,), is given by a linear
superposition of mleldual scatfering sources over V . This signal can be represented by the
following Fourier transform palr in terms of time (see Eqgs. (13) and (15) of [24]): ‘
'Rlc ik k +k

N I (t) I,f(ro)[q)Army (rO’ )* q)Array (Vo, t)]d?b

J-A(k)T(k)H (k)[ _{, f( 7)e et kb W1tk D20 d’% :‘e'i"’; dk

27r
[0059] 1 w o ; . (®)
. =_§!__—£ (k)T(k)H(k) p(k +k ky_*_kyr,kz_i_kzr)e‘—im.ldk ‘— .
o AT (KYH(k .
Rk;,kj,,k',( ) _L)_(_)__(._)_F( k., y’k)

L

[0060] where
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k. =k, +k,_
[0061] < “ k,=k,+k,
S — 2 2 _ 32 2 _p2 _ 12
K =k, +k, =K k=K + K~k ~k, 20

[0062] and “*” represents the convolution with respect to time. This uses the fact that the spectrum
of the convolution of two functions is equal to the product of the spectra of the functions, and
assumes that the imaging system is linear and multiple scattering can be ignored (First Born or weak
scattering approximation [51]-[52]). The 3D spatial Fourier transform in (8) is defined the same as

.that in Eq. (14) of [24]. The relationship between the one-dimensional (1D) temporal Fourier
transform (spectrum) of the received echo signal that is weighted by a limited-diffraction array beam
[14], and the 3D spatial Fourier transform of the object function is the key for image reconstructions
(see Egs. (16), (18), and (22)of [24]).

[0063] A2, Limited-Diffraction Array Beam Weighting and Spatial Fourier Transform of Echo
Signals p

[0064] . Using (6) and (7, itis clear that (8) can be i‘ewritten as fellows:

Ry i (@)= I,f(ro)<1>,,,,,,y (Foo YD,y oy )T,

[0065] = Lf(ro)FDAmy(ro’w)‘sxl.yl, {‘Skxv"v{ A”"y(ro’w)}} To | ’ ’ L (10) -
L. ‘ ik\,‘({l-&))z'*(yl')'n)z'*‘zg
=5, [ [F @G - T(k)H(k) - [\/ o i ) -
| mc (x, = %) +( =) +25

[0066] where fhe last equal sign in (10) is due to the shift theorem of Fourier transform and the
' folloWing equality (see Eq. (13) of [53]):

[0067] e** -1sg ( I
\ 272_ xr}'l azOL\f2+yl +Zo 5-

5 represents a2b Fourler transform in terms of both x| and y, at the transducer

an

surface and Jk & is an inverse 2D Fourier transform in terms of both k, and k, . Because the term,
{ e”‘\](-ﬁ "xo)z*'(y)')’o)z‘*‘z(,f J .

\/(xl "'xo) + (YI yo) +Zo
[0070] in (10) is the kernel of the Raylerg,h—Sommerfeld diffraction formula (see Eq. (3- 36) of [54], 4

‘ 1 8
0069] ———
: 1 2 oz,

(2 .

and [53]), it represents the field produced at 7, =(x,,,,0) due to a point source (scatterer) focated at
7, = (Xg, Vo»Zo) - Itis clear that if the transmission array beam, (i)i‘my (7, @) , is replaced with an

arbitrary beam, (10) is still valid. The effects of the transmission beam and the object function,

f(#), in (10) are to modulate the phase and amplitude of point sources at 7. This proves that the

8
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limited-diffraction array beam aperture weightings [24]-[26], [34] of echo signals (represented by
@, (7, w)) are identical to the 2D spatial Fourier transform of the signals over the same ‘
transducer aperture, 7, even for an arbitrary transmission beam. Because an arbitrary transmission
beam can always be expanded in terms of an array beam [14], (10) or (8) can be used to reconstruct
images for more complicated transmission schemes [54].

[0071] LA.3. Limited-Diffraction Array Beam Imaging
[0072] The relationship between the Fourier transform of an object function and that of received
echo signals ((8) and (9)) is very general and flexible in terms of image reconstructions. They

include many methods developed previously. For example: (i) HFR imaging (plane wave
transmission without steering, i.e., k;, =k, =0in (9)) [241-[25]; (ii) two-way dynamic focusing (both
k.=k, and k,=k, in(9) for multiple limited-diffraction array beam transmissions and receptions)
[24], [26]; (iii) multiple.steered plane waves with the same steering angles in each plane-wave
transmission and reception (k, = k.= ksin&, cos@; and k,= k, = ksind, siné; in (9), where &
and &, aré fixed in each' transmission; and are the Axicon angle and the azimuthal angle of X waves,
réspecti\iely) [36]; (iv) steered plane waves (fixing ¢, and @, in(5) and(9)in'each transmission but
' vérying k and k, in VimagAe reconstructions, i.€., k, =ksin ¢y coséy and k, | . =ksin ¢, sindy); and
(v) hmlted-dlffractlon array beam 1magmg, where k and k in (9) are fixed in each transmission

but k, and k, are varied in image reconstructlons In the last method, the following sets of four

limited-diffraction array beams [14], for each p_axr of er and kyr are transmitted for 3D tmagmg
[28]-[31}:
d)fmay(,)(n,,t) cos(k, x,)cos(k, ¥,)G(Zo:1: Ky, s Ky, )
7 . .
,' [0073] cD:”ay(z)(]E, N= C?S(kx,xo)Sln(ky,yo?G(zos L er ky.’.) o ‘ ' an
. g (DArray(:)) (rO’t) = Sm(erxo),C«.OS(kyryo)G(zo,t; k.xr’ky,-) . . . ’
®§,,ay<4)_(’r5, 1) =sin(k,, ?co)sin(ky, Y0)G (2 ik, 0 K, )

. [0074] where

[0075] . G(zo,t, €, oKy ) =5 [ A H (e e dk =, {40 H ()" e}, aa
[0076] ‘and where ;' represents an inverse Fourier transform in terms of w.

{0077] Forevery set of transmissions, one obtains four areas of coverage in the spatlal Fourier

domain of (%), denoted as R® = R(, o (@), R(Z)—Rm o (@), R® —Rm ;. (@), and
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R® = R RED, (@) , respectively, from combinations of the four echo signals (see (8)):

rFB,, (h, + K, oK, +, o) =" HE) (RO +iRP +iR® ~ R)
Fy(k,+ Kk, —k, k) =c*H(K)(R® —iR® + iR® + R™)

[0078] - R (15)
Fp ke —k, .k, +ky7,kz) CH(R)(R® +iR® —iR® + R?)
| P (kK Ky = K k) =c?H(k)(R® -iR® —iR® - R®)

{00791 From both (15) and (9), high-quality 3D images that have an equivalent of dynamic focusing
in both transmission and reception of the traditional D&S method [38] can be reconstructed. Varymg

the free parameters, kx,- and k , from one set of transmissions to another, one obtams partially

overlapped coverage of the spatial Fourier domain. Superposing the resulting partially reconstructed
images in space or in their spatial F ourier domain from different transmissions, one obtains the final
image. The superposition in the spatial domain can be done either coherently (increasing image
resolution and contrast) or incoherently (reducing speckle). In the frequency domain, the
su;}erposit:on can only be done coherently, which in theory, is equivalent to the superposition in the
spati'él'dc')mam The superposmon will also increase the field of view of the fmal 1mage for

transducers of a finite aperture

[0080] In the case of 2D imaging, (13) and (15) can be simplified by setting k, = k =0 (similar to
Eq. (34) of [24]): ‘
[ @ Am,y(,)(xo, zo,t) = cos(k, x,)G, (20513K,,)

@, (Kos Zeo 1) = sin(k, %,)G,y (z:1:k,)

90811 1 Fy Gk, + K, ) = CHU(RD, (@) +iRD, (@) | oo

N

| Fuw G, — ) = CHOO(RY () - iRE @)
0.

[0082] where G,(z,,4k, )—G(zu,t' sk, ) with k =

[0083] LA4. Square-Wave Aperture Wezghtm;;

[0084] Traditional lmagmg method such as D&S [38] requires a phase delay for each element of an
array transducer to focus or steer a beam. The phase delay makes it difficult to share transmitters
among transducer elements. As a result, a large number of transmitters are needed, especially, for an
array transducer that has many elemenis such as a 2D array. Although limited-diffraction array beam
imaging méthdd in (13) and (16) may reduce the number of transmitters, it would still need a large
number of transmitters to realize the exact sine and cosine aperture weightings.

[0085] The need of a large number of transmitters may cause problems. For example, modern
transmltters are linear RF power amplifiers to accommodate the need of applications such as

nonlinear imaging [41] and coded excitations [42]. To maintain a good linearity over a broad

10
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bandwidth at a high output voltage, the transmitters may consume a large power and thus they must
be physically large to dissipate heat and avoid short circuit. In addition, to pr.oduee an exact sine and
cosine weightings with an array transducer, each transducer element may need a complicated
switching network to connect among a large number of transmitters between transmissions.

[0086] To reduce the number of transmitters, we develop the limited-diffraction array beam imaging
with square—Wave aperture weightings, in which the sine and cosine aperture weightings in (13) and
(16) are approximated, respectively, with the following square-wave weighting functions:

[0087) W, (x) ={_1’L ::832 an

[0088] and

1, cos(x)= 0

[0089] w,.(x)= {_] costx) <0 (18)

[0090] If k. k, ,or both k. and k in (13) and (16) are zero, the corresponding sine functions
are set to zero, i.e., these beams are not transmitted. With such an approximation, a 3D imaging
Vsystem may be developed with only two transmitters: one has an output voltage of a fixed amplitude, -

- and the other has an inverted output from the first. _Each transducer element is then connected to .

either one of the transmitters through an electronic switch that is controlled by a digital logic, .

depending on the sign of the sine and cosine functlons at the posmon of the element. Combined with - A

the computatlon efficiency of the FFT algorithm used in the HFR imaging method [24]- [26],
simplified HFR and high-quality 3D imaging systems could be constructed.

[0091] The square-wave aperture weightings can also be implemented with a single transmitter to
further reduce the number of transmitters (removing the inverting transmitter and setting the negative“"
weighting amphtude to zero). In this case, transducer elements are switched on or off to the single
transmltter before each transmission, which may simplify the sw1tchmg cnrcmts However, the direct
current (DC) offset in the welghtmg functions needs to be compensated during the image 4

. reconstruction, which may require additional transmissions with a DC weighting that may reduce the -

* image frame rate and complicate the signal processmg although the additional transmissions may be

" used to enhance the 'SNR for the center strip of the image. In addition, because about half of the

transducer elements are hot activated in each transmission (except for k, = k, =0 the'SNR of echo

signals may be reduced.

[0092] It is worth noting that, because.of the reciprocal relationship in (8), where o) Array (7,t) and. .
A,,ay (r;,, t) are exchangeable, the square-wave aperture weightings can also be applied to the

receptlon beam forming to approxxmate the hmlted diffraction array beam aperture weightings of

echo signals [24]-[26], [34]. This may simplify the hardware needed to produce R, ey by ey @

11
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in (8) forall &, and k

> givena pair of &, and k, in a transmission. For example, analog

summation and subtraction amplifiers could be used to produce all the required spatial frequency

components at k, and k, in realtime to replace some of high-speed FFT [55] circuits.

[0093] Although the square-wave aperture weighting method is general for both 2D and 3D imaging,
for snnplrcrty, in this document only 2D image will be reconstructed based on (16) In addition, the
spatlal Fourier transform of echo signals over transducer apertures in (10) will be used to speed up
image reconstructions.

[0094] LB. Development of HFR Imaging System

[0095] LB.1. Imaging System Development

[0096] To experimentally study and further understand the high frame rate (HFR) imaging methods,
a general-purpose HFR imaging system was designed and constructed [39]-[40]. The successful
construction of the system has helped to develop the method of limited-diffraction array beam
imaging with square-wave aperture weightings in Section 11 by studying the method experimentally.

[0097] The HFR imaging system was designed with the following basic requirements: (i) It is
capable of. recordmg RF data from each transducer element for at least one heart. cycle synchronized
to an electrocardiogram (ECG) signal at the maximum frame rate determined by the ultrasound.
propaganon speeds in soft tissues and the system timing overhead. (ii) The system has an . ;
independent lmear power transmltter (amphfier) and an associated fast transmlt/recewe (T/R) switch f
for each transducer element. (iii) RF data acqurred are stored in the system and then transferred to a .‘
personal computer (PC) viaa standard high-speed link such as a universal serial bus (USB) 2.0 (upto
480Mby/s) for image reconstruction and the system is controlled by the same PC. (iv) The systemis
flexible for various image reconstruction algorithms. - " ’ '

[0098] From the basm requirements, both the transmission and receptlon circuits were designed to
have 128 mdependent channels for an array transducer of 128 elements. The bandwidth of both the .

“transmitter and receiver is about 10MHz. The sampling frequency is 40MH2 and the quarmzatlon .

‘resolution-is 12 bits for both analog—to-dlgltal (A/D) and digital-to-analog (D/A) converters that are . ‘
used to digitize echo 51gnals and produce arbitrary transmission waveforms, respectwely Each
receiving channel has a time-gain-control (TGC) amphﬁer and has a 64MB synchronous random
access memory (SDRAM) (up to'5 lZMB/channel) in a DIMM (dual in-line memory module) socket.

The linear power amplrﬁer in each channel is independent and is capable of driving a 75-Ohm -
resistive load at up to +/-144V peak voltage, producing an arbltrary waveform of a maximum length’

of 51.2 s in each transmission and having an accuracy of 6.25ns (160MHz clock) in time delays.

The system can be triggered by external sources such as an ECG machine, and it is able to trigger and
synchronize external equipment. The system has a modular design with great redundancies built into

the printed circuit boards (PCBs) so that each may be used independently without connectmg to other

12
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PCBs. This will help to test new research ideas without redesigning the PCBs. To take advantage of
the computing power of modern PCs and avoid obsoleteness, the system does not implement image
reconstruction algorithms in hardware. The system can be viewed as the arms and legs of a PC,
through which users control the system by setting parameters on a graphical user interface (GUI)
developed with Microsoft Visual C++. The system is capable of semi real-time imaging using a loop
command on the GUL The speed of the loop mainly depends on that of image reconstructions of the
PC.

[{0099] The current design is based on field-programmable gate arrays (FPGAsS). One advantage of
the FPGA-based design is that the hardware functions of the system can be upgraded through
software without redesigning the circuits. Because of the fast pace of the advancement of digital
electronics in industry, the system design has been improved several times to take advantage of the
latest technologies. The first in vivo image of a human heart was obtained with the system and a
custom-made 128-clement transducer of 0.32mm pitch and 3.5 MHz center frequency (see Section
[11.B below). During the course of the development of the HFR imaging system, dozens of small
'subsystems have also been developed for fast prototyping. Itis worth noting that, currently, many
. 1magmg systems are capable of obtammg RF signals from particular beam formers or from transducer
‘elements [56]-[60]. However, these systems are developed with different design phllosophxes or.aré’

: tallored for spemﬁc appllcatlons ' ‘ o

[00 1 00]. Fig. 3showsa block diagram ‘of the HFR i lmagmg system that is con51sted of six types of
PCBs. The dashed box indicates prmted circuit boards (PCBs) and components housed inside the
enclosure of the HFR imaging system. The system consists of 6 different boards: (i) Transmitter
(TX) Board (ii) Channel (CH) Board, (iii) Mam Board (iv) USB 2.0 Board W) Front Panel Board,’

-
[ 29

' b '
n'r~ :

i

and (vi) Power Supply Board. Each Channel Board contains 8 mdependent analog recewmg channels

and digital circuits that control 8 independent transmitters, respectweiy There are 16 Channel
Boards (128 channels) arid 128 Transmitter Boards in total in the system. An array transducer is

" connected in front to send and receive ultrasound waves and a personal computer (PO)i lS used to

| control the system and get radlo-frequency (RF) data from each transducer element to reconstruct
images. t 4

[00101] In the embodiment shown, there are 16 Channel Boards, each of which contains.8 receiving -
channels, fora total of 128 channels There is one Transmxtter Board for each channel. Commercnal
array transducers of upto128 elements can be connected to the i 1magmg system through various pin
converters APCis used to control the system and recelve data for i 1mage reconstructlons

‘[00102] It should be understood, however, that other suitable configurations are within the
contemplated scope of the present System described herein.

[00103] Surface-mount technology (SMT) is used to construct PCBs. Multiple layers are used to

improve signal integrity (reduce the radio-frequency interference (RFI) and electromagnetic

13



WO 2007/089580 PCT/US2007/002162

interference (EMI)) and to accommodate complicated routing requitements (there are about 5,000
components with 15,000 pads for each Channel Board). Traces on the boards are at least 6 mils
(6/1000 inches) wide to reduce costs. |

[00104] Non-limiting examples of block diagrams of six types of PCBs are shown in Fig, 4-9, while
the GUI used to control the system is shown in Fig. 10.

[00105] Fig. 4 shows a block diagram of a Transmitter Board shown in Fig. 3. The dashed box
indicates circuit components on the board. The interaction of the board with other parts of the system
is also shown. The linear amplifier is designed to produce broadband (0.05MHz to 10MHz) arbitrary
waveforms (with a 40MHz 12-bit D/A converter) of a maximum output up to +/-144V peak voltage at
a 75-ohm resistive load. To reduce the static power consumption and nonlinear distortions, the bias
current and the offset voltage of the transmitter are automatically controlled and adjusted [39]. The
amplifier is also protected from output shortage and equipped with an over temperature shutdown
circuit. ' ’

[00106] Fig. 5 shows a block diagram of one of the 8 channels on a Channel Board shown in Fig. 3.
The dashed box and its interaction with other parts of the system are similar to those of Fig. 4. The.
channel has a standard low-noise, high-gain (108 dB), and broadband (-6dB bandwidth of about

0.25MHz to 10MHz) time-gain-control (TGC) analog front end with d 40MHz, 12-bit A/D converter. '+

: Buffered analog output is available. The channel is controlled by an FPGA (Xilinx Spartan I] - ]50).' -
The FPGA is interfaced to 64-512MB SDRAM and is capable of in-system programming (ISP). Data }’; S
can be sent to and from the Main Board via cables. Each Channel Board can also be used A v
independently without the Main Board, meaning it can be used as an 8-channel analog pulser/recelver
with an 8- -segment TGC control (via an 8-channel 2MS/s A/D converter) pulse inversion for
harmonic imaging, time delays for beam steering and focusing, preprogrammed transmlssmn
waveforms, and TGC depth selections. The EEPROM, ISP, and JTAGAcomponents are used for
different ways of FPGA programmmg ’ :

{001 07] Fig. 6 shows a block diagram of the Main Board shown in Fig. 3 The dashed box and its
‘interaction with other parts of the system are similar to those of Fig. 4. The FPGA (Xilinx Spartan I 4
—200) and its programming components have similar functions as.those in Fig. 5. This board '
contains a 40MHz master clock and interacts with most parts of the system. The Main board can be

. cascaded (usmg its address to dlstmgulsh between boards) with other Main Boards to increase the

" “number of ¢channels beyond 128. The board has a 64MB SDRAM to hold configuration data sent

. froma 'PC. An 8-bit/125MHz D/A converter can be used for multlple purposes in addition to trim

up/down the high-voltages applied to ‘the transmitters. Memory size selector indicates the size of
installed memory in the Channel Boards (in one of the following sizes: 64, 128, 256, or
512MB/channel). Two 8-channel 2MHz A/D converters are used to digitize TGC levels and the ECG

signal, among other uses. The system can be controlled and synchronized by external equipments, or

14



WO 2007/089580 PCT/US2007/002162

vice versa, through the TRIG IN/OUT and CLOCK IN/OUT interface. Multiple system reset
~ mechanisms are available through front panel, on board push button, and PC. .

-[00108] Fig. 7 shows a block diagram of the USB 2.0 Board shown in Fig. 3. The dashed box and .
its interaction with other parts of the system are similar to those of Fig. 4. The FPGA (Xilinx
Spartan Il - 150) and its programming components have similar functions as those in Fig. 5. The
mé.in function of the board is to provide 2a USB 2.0 (up to 480Mbits/s) interface between the irﬁaging
system and a PC. The function is implemented with a Cypress FX2 chip that contains an 8051
microcontroller running with 128KB RAM. A 512Kbit EEPROM is used to store the program
(firmware) of 8051 microcontroller. FX2 is running with a 24MHz clock that is different from the
40MHz system master clock. The board contains spare components (see the word “spare™ near the
components) so that it can be easily used as an independent high-speed (40MHz) and high-resolution
(12-bit) A/D and D/A converters with an on-board 64MB memory and with the ability to synchronize
or be synchronized with an external equipment through its TRIG IN/OUT and CLOCK IN/OUT
circuits. Spare header sockets make it easier to connect the board with external circuits. The offset

- analog ECG amplifier is used for the ECG A/D onthe Main board. - The one digit light emitting diode ./
(LED) can be used for the d:agnosxs of the FPGA or 8051 microcontroller program and for board
status dlsplay ‘ ‘ T Lo

[00109] " Fig. 8 shows a block dlagram of the Front Panel Board shown in Fig. 3 . The dashed box st

and its mteracnon with other parts of the system are similar to those of Fig. 4. The board mteracts S

with the front panel switches and buttons to accept commands and display the status of the HFR
imaging system using a 4-digit LED panel. The front panel inputs include 8 TGC setting .
potentiometgps‘; ECG on/off, ECG delay setting, system reset, system c‘ommands? system functions,
low-;zoltage aﬁd high-voltage poWer on/off switches, and solid state von/off switcﬁ for high—voltége'
power that is controllable via a PC. Eaéh switch or button is associated with an LED indicator. -
[00110] . Fig. 9 shows a block diagrarn of the Power Supply Board shown in Fig.. 3: The dashed box -
and its interaction with other parts of the system are similar to those of Fig. 4. The board interacts
with the Main Board to turn on/off DC outputs and adjust the DC output level of the +/-144V high-
voltage power supplies via a PC. The board also detects whether the high-voltage. DC level has
reached desired values so that the Main Board can start to issue data acquisition‘commands. In -
addition to the h}gh-iibltage poWer supplies‘ the sys.temA has several: Iow—voltagé pbwei' supplies (/-
5V, 3.3V, and 2 5V). Fans are installed to cool the system. o
[001 l 1] Flg 10 shows the graphical user interface (GUI) written in Mlcrosoft Visual C++ and run on
the Microsoft Windows XP operating system to control the HFR imaging system. Parameters .set on
“the GUI are sent to the system and echo data acquired are sent back to PC via the USB 2.0 link. -The-
system works as if it were the arms and legs of the PC. The image -shown was a thumbnail for -

preview onlyA and was obtained with a 0.32mm pitch, 3.5MHz center frequency, and 128-element
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custom-made transducer electronically steered at +/-45° and focused at a depth of 70 mm. A one-
cycle sine wave was used in transmission and 279 transmissions were used to reconstruct the image
with the conventional delay-and-sum (D&S) method. The three display panels on the right hand side
of the GUI show the reconstructed image (top), oscilloscope display of a selected RF A-line (middle),
and RF A-lines from all transducer elements obtained from one transmission (bottom). The loop
function shown at the upper left panel allows system to work in semi real-time. All the examples
shown in this figure are for the illustration purpose only, which partially demonstrates that the system
constructed works properly.

[00112] 'IB.2. Safety of the HFR Imamnz System for In Vivo Experiments

[00113] One of the primary applications of the HFR 1magmg system is for in vivo imaging of humans.
This raises concerns of the safety of the system. Hence, the imaging system was tested with the
parameters defined in [43]-{45] for tWo 1D-array transducers used in the experiments. The first is
custom-made and has 128 elements, and a center frequency and -6dB pulse-echo bandwidth of
3.5MHz and 50%, respectively. The width is 8.6mm in elevation dimension without elevation focus
and the pitch is 0.32mm that is about 3/4 of the-center ‘wavelength of the transducer in water. The
second transducer is an Acuson V2 phased array, with 128 elements, a-.0.15mm prtch a2.5MHz
center frequency, and a 14 rain elevation aperture focused at 68mm.

[00114] The Mechanical mdex (MI), ‘thermal index (TI) (only-the soft-tissue thermal index (TISYis

considered in this document for the intended applications of the system), and acoustic output (AQ, or -

Iiprs 5 ) [43]-[45] were measured for these transducers. The MI is defined as (see Eq D of [43])

MI ,-3/f1/2 .

[001 15]
C .

9)
[001 16] where C =1 MPa MHz'?, I-”r3 is the attenuated peak-rarefactlonal pressure in MPa, and

Fius is.the acoustic working frequency in MHz. The subscript “.3” represents 0. 3dB/MHz/cm

attenuated values (notice that the dB deﬁmtlon for pressure and power 1s dlfferent) The T1, 4
specrﬁcally, TIS m scanned mode for soft tissue at the surface of transducer is given by (see Eqs 2)
and (11) of {43]): | | |
[00117] TI:TIS:,—L,=%‘—M—, o o S . (20).
: T deg CTlSl T . ‘ . BT
[00118] where W, is the power parameter; W, isthe estimated pouver.necessary to raise the
temperature of the target tissue by 1°C, W, (mVV) is the acoustic power bounded by 1cm soft tissue

perfusion length, and Cyyq,=210mW - MHz is a constant. The AO is defined as [43]:
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, 2))

Z=constant

!, , —
% PI(¥;1t)
00119 AO= = max A A 13
) [ .] Tsoras V(xy)J[fpr,[ e ,

[00120] where P,(F;t) is the attenuated pressure at the position 7 = (x, y,z) and time ¢, z is the
distance from the transducer and is a constant at a given depth, f, is the pulse repetition frequency

(in calculation of Fig. 14, a non-scanned mode such as Doppler was assumed to obtain the highest

values of AO), max {-} means to find a peak value for all x and y at the depth z, p and ¢ are the
x’y

density and the speed of sound of the tissue, respectively, and ¢, and ¢, are the time before the

beginning and after the end of the pulse, respectively (i.e., £, —¢, is the time interval over which the
envelope of the pulse is not zero).

[00121] In the measurement, one-cycle sine wave pulses at the respective center frequencies of the

- transducers were used. A pulse repetition period of 187 ps (5348 transmissions/s) was applied and

the hi gh—voltage power supplies were limited to +/-96V peak. Twoi 1magmg conditions were .

consrdered One is for the standard D&S method where transmit beaims are focused at different

depths. The other is for the 2D and 3D HFR i 1magmg [24]-[26], where a plane—wave type of transmit .

beams are used The HFR i 1magmg system was synchromzed with a three axrs scannmg system"

. driven by stepper motors of up to 0.2 ;,tm translatron per step Ultrasound fields in distilled water

were measured across the entire beam areas along both the transverse and elevatron directions of the ‘
transducers at various depths with a factory—cahbrated needle hydrophone (NTR Systems, Inc.) ofa.
0.6mm diameter and 25 um thickness. Signals were digitized with a 12-bit Gage CS12100 computer -
card (Gage Applred Sciences, Inc.) at the 4OMHz clock of the HFR i rmagmg system. Results are
shown in Fig. 14.

. [00122] - Fig. 14 is a table showing Mechanical inde)r (M), thermal index of soft tissues (TIS), and

aooustrc output (AO or Igpr, ;) of the HFR i rmagmg system for two different transducers [43]. The '

column “Depth” means where the parameters were measured. For focused beams, the “Depth” is also
the focal length. For simplicity, the TIS was calculated by assuming a scanned mode with a scan
length larger than 1 cm (the maximum values of the TIS are thus independent of the depths listed), .
while AO was obtained by assumning a non-scanned mode to show the highest values at the depths.
[00123] . “In in vivo experrments the Acuson V2 transducer with a 68mm elevation focal distance was
used. Furthermore only beams focused at 70mm distance were used for D&S i 1magmg The upper
uU.s. Food and Drug Admrmstratlon (FDA) limits of the MI and AO are 1.9 and 720mW/cm?,
respectively [43]-[45]: Therefore, it is clear from Fig. 14 that our system is operating under the FDA
limits for the HFR imaging related methods (using a plane-wave type of transmissions) and at about

the limits with the D&S method. Fig. 14 also shows that the conventional D&S method may exceed
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the FDA limits as the focal distance of the transmission beam is decreased. For the HFR imaging
related methods, the highest MI, TI, and AO occur near the surface of the transducer (notfce that the
elevation focus of the Acuson V2 probe moves the highest Ml and AO a little away from the surface).
The TI values in Fig. 14 indicate that there could be over 3.6°C increase in temperature at the surface
of the transducer. However, we did not feel it in the experiments. This could be due to the
conservative estimation of the perfusion length of 1cm used in the calculation.

[00124] The table also makes it clear that more power could be allowed for the HFR imaging related
methods without exceeding the FDA limits on the MI and AO as corﬁpared to the conventional D&S
method. This may increase the SNR of the HFR imaging related methods. This is because, as
mentioned before, for a plane-wave type of transmission beams such as limited-diffraction array
beams with square-wave aperture weightings and steered plane waves, the highest Ml, TI, and AO
occur at the surface of the transducers due to tissue attenuation, which is not the case for a tightly
focused beam of the conventional D&S method. Because the Ml is proportional to the peak
rarefaction pressure and is capped at 1.9 by the FDA [43], a higher surface pressure (or more total
transmission energy) could be allowed for a plane-wave type of beam than for a focused beam to

" increase the SNR. Nevertheless, to ensure the human safety, the American Institute of Ultrasound in

' Medicine (AIUM) stggests to follow the ALARA (as low as reasonably achievable) principle [43]- *
[45],'i.e., a‘principle that mandates that ultrasound exposure (in terms of the MI, T1, and exposure ' i

» time) be l‘{ept "as low as reasenably achievable" without compromising diagnostic.-capability or- - b.
resolution. ‘ . '

{00125} LC. In Vitro and In Vivo Exgerlments and Result

[00126] Both [n vitro and in vivo expenments were performed for the limited- dlffractlon array beam ‘
1magmg with square- wave aperture welghtmgs usmg the high frame rate (HFR) imaging system [39]- ‘
[40].

[001 27] In'the in vitro experiments;-the custom-made 3.5MHz transducer was us”ed t'o‘transmit aodne- -
cycle sme wave pulse at the center frequency Echo signals were digitized at 4OMHZ but were down—

" sampled to 10MHz to reduce computatlon without compromising image quality. (The down
sampling was performed for both the limited-diffraction array beam imaging and steered plane wave

: :magmg methods, but not for the D&S imaging where the image quality is sensitive to.the phase -

~accuracy of the echo signals [28] -{32].) Images were reconstructed w1th (]6) where the maximum -

er was determined by &k, .. =7 [n x,v, and where [x, was the pntch of the transducer (28]-[32].
-This translates k _mae iNtO @ max1mum equxvalent steering angle of about +/-40.34° at the center
frequency of the transducer (notice that k, = - ksing, for @, =0 in(5) and ¢=1450 m/s). To

obtain images, kx-,- was varied evenly from 0 to er_mnx to produce multiple limited-diffraction array
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beams. Ateach k,_, the square-wave aperture weightings corresponding to both the sine and cosine

functions were applied (see (17) and (18)).

[00128] Results for wire and anechoic cylinder targets of an ATS539 tissue-mimicking phantom are
shown in Figs. 11 and 12, respectively. :

[00129] Fig. 11 shows reconstructed images of wire targets of an ATS539 tissue-mimicking phantom
with' limited-diffraction array beam method. Images are log-compressed with a dynamic range of 50
dB. The speed of sound of the phantom is about 1450 m/s. Images of the exact aperture weightings
((2) and (c)) are compared with those with the square-wave weightings ((b) and (d)), respectively.
Images in the left and right two panels were obtained with 11 (up to 507 frames/s with 1450m/s speed
of sound) and 91 transmissions (up to 61 frame/s), respectively. The field of view of the images is
Jarger than +/-45° over a 130 mm depth.

[00130] Fig. 12 is the same as Fig. 11 except that images of the cystic and grayscale targets of the
ATS539 tissue-mimicking phantom were obtained.

[0013 11 Itisclear that there is almost no difference between the images reconstructed with the exact
(sine and cosme) and the square-wave aperture weightings, except that the latter has a hlgher SNR "
(deeper penetratlon) due to mcreased transmrssnon power In addition, smce the square-wave

' aperture welghtmgs need only one or two transmrtters to obtam lmages, lmagmg systems may be
snmphﬁed greatly, especrally for future 3D lmagmg where a large number of mdependent transducer
elements may be used. * ‘ ’

[00132] Results of in vivo experiments of the heartvof a volunteer using the 2.5MHz Acuson V2 -
transducer are shown in Fig. 13. ' ‘ ’ :

[00133] Flg 13 shows Jn vivo heart i images of a vo]unteer for comparison between lrmlted diffraction .
_array beam imaging with square-wave aperture weightings (Panels (a), (b), and (c)) and other imaging
methods (steered plane waves in Panels (d), (¢), and (f) and D&S method in Panels (g), (h), and (1))
‘Panels in the top, middle, and bottom rows correspond to the condltlons of 91 (59 frame/s with

187 ps between transmissions), 19 (281 frames/s), and 11 (486 frames/s) transmissions to reconstruct

a frame of image, respectlvely Images are log-compressed with a dynamic range of 50dB.  The
‘ electrocardrogram (ECG) at the bottom of the figure was obtamed from the same volunteer. The
vertical bar in the ECG indicates the. startmg moment when the series of images in this figure were
acquired (this was roughly the moment‘of arapid ventricular filling that pushed the mitral valve open
- quickly). ! '
[00134] The experiment conditions were the same as those of the in vitro expenments except that the
center-frequency and dimensions of the transducer were different.
[00135] In the in vivo experlments a commercial Acuson 128XP/ 10 imaging system was used to find

the pOSlthl’l of interest of the heart. After the position was found, the transducer was unplugged from

19



WO 2007/089580 PCT/US2007/002162

the Acuson system and then plugged into the HFR imaging system for data acquisition. To compare
the new imaging method with existing methods, the HFR imaging system was programmed to
transmit in the order of steered plane waves (SPW) (11, 19, and 91 transmissions (TXs)), beams
focused at 70 mm for D&S imaging (91 transmissions), and limited-diffraction array beams (LDB)
with square-wave aperture weightings (91, 19, and 11 transmissions). This results in seven images
showing successive phase delays of the heart in the sequence of Panels (f) (SPW with 11 TXs), (€)
(SPW with 19 TXs), (d) (SPW with 91 TXs), (g) (D&S with dynamic receive focusmg with 91 TXs),
(2) (LDB with 91 TXs), (b) (LDB with 19 TXs), and (c) (LDB with 11 TXs), respectively, with a
field of view of about 90° (+/-45°) for each image. (The field of view of both the steered plane wave
and limited-diffraction array beam imaging is slightly larger than that of D&S because a strip, instead

of a line, of the image is reconstructed from each transmission. In the steered plane wave imaging,
the steering angles were evenly spaced from -&7 o, tO &7 wax» Where &p o, =45°, and in the D&S
imaging, the steering angles were chosen in such a way that their sine values were evenly spaced

from -Sin &7 . 1O sin &1 max- FOT limited-diffraction array beam |magmg, k.. mx Was calculated

using k., =k, sm ;‘T - <7r/Ax,, where Ax;=0. lSmm, k.=2nf, /c ‘and where f,=2.5MHz

" and ¢=1540m/s. ) " The lmage depth is 120mm and the pulse repetition period is 187 us , which'is the PR

'shortest allowed by the 1magmg system at this depth This results in frame rates of 486, 281, and 59
frames/s for 11, 19, and 91 transmissions, respectively. The group of transmissions
(2x11+2x19+3x91=333 per group) above was repeated 18 times to cover an entire heart cycle with,
5994 transmissions in total, lasting aboctl 12 seconds. - | ' , ‘
~ [00136] From Flg 13, it is clear that images obtained with the square-wave apexture weightings agree '
well with those obtamed with the methods of both the steered plane waves and the conventional D&S -
with a fixed transmlssmn focal distance of 70 mm but with a dynamic receive beam forming. Asa
o comparlson, for the D&S method, 19 and 11 transmissions were extracted evenly from the 91
A transmlssmns over a +-45° angle, and |mages were reconstructed with bilinear mterpolatlons and are .t ‘
shown in Fig. 13(h) and 13(1), respectwely These 1mages show that for the D&S method, when the
number of transmissions is reduced (frame rate is increased) while keeping the same 90° field of '
v1ew, the quallty of images degrades much faster than that of the HF R imaging related methods. -
[00137] In addition to the in vivo imaging of the heart in Flg 13,a study of the effects of motion on
the HFR lmagmg related methods has been carrled out. Results show that the HFR imaging methods )
are not sensitive to motion unless the number of transmissions is large (lower frame rate) and the |
depth is small. Effects of phase aberration and noise on the HFR imaging related methods have also
been studied.

[00138] LD. Summary - High-Frame Rate Imaging System and Square-Wave Aperture Weightings

in Transmissions
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[00139] A general-purpose high-frame rate (HFR) medical imaging system has been developed. 1t
works well and is an indispensable tool for the ultrasound research.” It has been used to develop the
square-wave aperture weighting method that is capable of reconstructing high-quality images
(equivalent dynamic focusing in both transmission and reception) over a large field of view even for a
fast moving object such as the heart with only one or two transmitters, which may simplify the
tré.ﬁsmission subsystem of an imager. The method may allow a higher total energy (or surface sound
pressure) to be transmitted to increase the signal-to-noise ratio (SNR) than the traditional focused
beam methods without exceeding the upper limits of some safety parameters set by the U.S. Food
and Drug Administration (FDA). Due to the reciprocal principle, the method can also be applied to
process echo signals in reception, which may further simplify the systems. In addition, the theory
leading to the development of the square-wave aperture weighting method shows that the relationship
between the limited-diffraction array-beam aperture weightings in reception and a 2D Fourier
transform over the same aperture for a limited-diffraction array beam transmission can be generalized
to-an arbitrary transmission beam. This provides an alternative approach for image reconstructions
and may help to develop new imaging methods in the future. '

[00146] II. Square-Wave Aperture Weightings in Receptions :

[o0141] " 411A.A. Method of Square-Wave Apérture Weightings in Receptions’ g

-~ [00142]- A"The theory of limited-diffraction array beam imaging with square-wave aperture weightings™ SRR

, fbr trénsmission beams given in Egs. (6) and (7), it is clear that the ﬁlt,rasouhd transmission and |

_ reception processes are exchangeable due to the reciprocal principle [49]. 'Therefore, the square-
wave aperture weightings used in transmissions can also be applied to reception (see Eqs. (17) and
asy. | | B

[00l43]ﬂ .In the square-wave apertufe weightings on echo signals r‘eceived' by the elements of an array
transducér, the signals are directly summed and subtracted to produce a desired spatial frequency
component écc‘ording to the signs of the sine and cosine functions at the positions of the tranéducer E
elements. Such summations and subtracnons can be done with ana]og CerUltS for realt:me processmg
of the echo signals, ehmmatmg some hlgh—speed dlgltal circuits. This process can naturally obtain

_ both phase and amplitude of multlple frequency. components of the waves impinging on the surface of
the-transducer, and thus can be used as a spatial spectrum analyzer not -only for ultrasound, but aléo
for electromagnetnc waves such as microwaves, as long as the Nyqunst criterion is satisfied by the
spatial. sampling frequency of the array.’ ‘ i

_[00144] ILB. Exnerxment Results of Square—Wave Aoerture Welghtmgs in Receptlons A

[60 145} ILB. J . InVitro Expertments‘

[00146] To show the efficacy of the square-wave aperture weighting method on reception
beamforming, we have performed in vitro experiments on an ATS539 tissue-mimicking phantom -

(ATS Laboratory, Inc.). The phantom consists of line, anechoic cylindrical, and grayscale cylindrical
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targets. In the experiment, a HFR general-purpose medical imaging system, was used to drive an
Acuson V2 phased array transducer (Siernens, Mountain View, California) of 128 elements, 0.15mm
pitch, and 2.5MHz center frequency. In the experiment, a one-cycle sine wave at the center
frequency was used. Radio frequency (RF) echo signals from each transducer element were
digitized and stored in an SDRAM, and then transferred to a personal computer via a standard USB
2.0 port. The square-wave aperture weightings were applied to the received signals according to Eqgs.
(17) and (18). Reconstructed images of the phantom are shown in Figs. 15 and 16, respectively, for
limited-diffraction array beam [13], [14], [16] and steered plane wave [24], [34], [35], transmissions.
[00147] Fig. 15 shows reconstructed images of an ATS539 tissue-mimicking phantom with limited-
diffraction array beam transmissions, where the transmission beams were produced with square-wave
aperture weightings. A cross section of wire, an echo cylindrical, and grayscale cylindrical targets
are shown at the left, middle, and right hand side of each image, respectively. A 128-element and
2.5MHz Acuson V2 phased array transducer of 0.15mm pitch was placed at the center top of each
image and was in contact with the phantom surface. Images are log-compressed with a dynamic
" range of 50 dB. The speed of sound. of the phantom is about 1450 m/s. The field of view of the
. images is larger than+/-45° over a 120mm- depth. Images of the exact limited-diffraction array beam
; welghtmgs on received echo signals ((a) and (c)) are compared ‘with those of the square-wave
* weightings ((b)-and (), réspectively. Images on the top and bottom rows were reconstructed with' -
~11-(up to 549 frames/s with 1450m/s:speed of sound) and 91 (up to 66 frames/s) transmissions,
respectrvely . “
[00]48] Fig. " 16 is the same as Flg 15, except that steered plane waves, instead of lrmrted drffractlon
array beams, were used in transmissions. A
[001 49] InFig. 15 square-wave aperture weightings were also applied to transmissions. In both
ﬁgures Panels (a) and (c) are results of the exact limited-diffraction aperture weightings of the -
- received echo signals, while Panels (b) and {(d) are those of the square-wave aperture weightings.
From the ﬁgures, it is clear that the quality of images reconstructed with the square-wave aperture
" weightings of the echo signals is about the same as that of images réconstructed with the exact
weightings. As the number of transmissions is increased, the quality of images increases (compare .
Panels (c) and (d) with (a) and (b) respectrvely in both Frgs i5 and 16).
[001 50] ILB.2. In Vivo Experiments

{0015 l] In vivo experiments on human hearts and kidney of volunteers were also conducted with the
HFR medical imaging system. The experrment conditions are the same as those of the in vitro .
experiments above. These conditions are also the same as those of Fig. 13 (for Figs. 17 and 18), and
Figs. 13 and 14 of [31] (for Figs. 19 and 20), except that the square-wave aperture weightings were

. applied to the received echo signals. ‘ ' '

[00152] Fig. 17 shows [n vivo images of the heart of a volunteer obtained with limited-diffraction
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array beam transmissions, where the transmission beams were produced with square-wave aperture
weightings. The experiment conditions and image layout are the same as those of Fig. 15, except
that the speed of sound is assumed 1540 m/s. The images were obtained near the moment when the
mitral valve was pushed open rapidly (see the vertical bar in the box of the ECG curve on the right
hand side of the figure). The time between adjacent transmissions was 187 ps, which was the
shortest allowed by the home-made HFR imaging system at the depth. Images of the exact limited-
diffraction array beam weightings on received echo signals ((a) and (c)) are compared with those of
the square-wave weightings ((b) and (d)), respectiv'ely. Images on the top and bottom rows were
reconstructed with 11 (up to 486 frames/s) and 91 (up to 59 frames/s) transmissions, respectively.

[00153] Fig. 18 is the same as Fig. 17, except that steered plane waves, instead of limited-diffraction
array beams, were used in transmissions. , '

[00154] Fig. 19 shows In vivo images of the heart of a volunteer obtained with steered plane wave
transmissions. The experiment conditions and image layout are the same as those of Fig. 17. The
images were obtained at a moment shortly after the “R wave” peak (see the vertical bar in the box of

- the ECG curve on the right hand side of the figure). Images of the exact limited-diffraction array
beam wei ghtmgs on received echo srgnals ((a) and (c)) are compared with those of the square-wave :
Welghtmgs (b) and @), respectlve]y " Images on the top and bottorm rows were reconstructed with =

11 Cap to 486 frames/s) and 91'(up to 59 frames) transmissions, respectively.
{00155] Flg., 20 shows In vivo images of a kidney-of a volunteer obtained with steered plane wave: -
transmissions. The experiment conditions and image layout are the same as those of Fig. 17. The J
image of the exact limited-diffraction array beam weightings on received echo signals () is compared
with that of the square-wave welghtmgs (b). The images were reconétruéted with 91 transmissions, o
with the time between adjacent transmissions of 187 us. |
{001 56] ‘From the in vivo expenmems, it is also clear that the-quality of images reconstructed with the
* . square-aperture weightings of echo signals is similar to that with the exact weightings for various - '
N 'transmiesion schemes. ‘ ‘ o .

' [001 571
{00158] - “ The high frame rate (HFR) imaging method can be lmplemented with hmrted—dlffractlon

array beam aperture weightings or 2D spatxai Fourier transform over the transducer aperture The
hmlted-dlffractlon array beam aperture wei ightings can be approximated with squa.re-wave aperture
welghtmgs to srmpllfy the transmitter subsystem of an lmager to allow only one or two transmitters to
dl‘lVe a ful]y populated array transducer The limited-diffraction array beam aperture weightings on
received echo signals are approxrmated with the square-wave aperture wexghtmgs to simplify
electronic circuits for image reconstructlons

[00159] Both in vitro and in vivo experlments have been conducted with the HFR medical imaging

system, as generally described herein. The results show that the square-wave aperture weightings on
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received echo signals are capable of reconstructing high-quality imeges as compared to those
reconstructed with the exact limited-diffraction array beam aperture weightings.

[00160] Besides the imaging applications, the square-wave aperture weighting method can be used as
a general-purpose realtime spatial spectrum analyzer for waves impinging on a receiver surface using
simple analog addition and subtraction circuits as long as the spatial Nyquist sampling criterion [54]
is satlsﬁed producing both amplitude and phase of srgnals in applications such as ultrasound and
microwaves.

[00161} III. Method and Apparatus for Producing a High Frame Rate (HFR)., High Resolution and
High Contrast Image

[00162] III.A. Square-Wave Aperture Weightings

[00163] Usingthe HFR imaging system and based on the extended HFR imaging method we have

developed a new limited-diffraction array beam imaging method with square-wave aperture voltage
weightings. In this method, two transmitters that have the same output amplitude but of an opposite
sign are used to excite transducer elements to produce limited-dﬁffraction array beams with two levels
of quantization. In each transmission, one of the two transmitters is selected for each transducer
element through a switch according to the sign of the sine and cosine functions (llmxted -diffraction”
”array beam wei ighting functions) at the locatlon of the element. ‘ '
-{00164] The method can ‘also be lmplemented with a single transmltter to reduce further the number
. of transmitters. However this may reduce the transmission power and increase the image .
reconstruction complexity. The method has several advantages. F irstly, it reduces the number of
. ‘transmitters needed and thus may simplify the transmitter subsystem of an imaging system, K
eSpecnally, for systems that use transducers ofa large number of elements such as a2D array. This is ’
the case when compared to both the conventional D&S method, where one transmitter is usually |
required for.each transducer element due to the delay of transmission signal for beam focusing or
steering, and the extended HFR imaging metho';l, where a large number of transmitters are used for
exact limired-ditfraetion array beam aperture weightings. This ie significant because modern
transmitters are complicated and bulky due to the requirements that they must transmit broadband
radio'frequency (RF) arbitrary waveforms, work at a high output voltage, and have a large static '
current or power to improve linearity for applications such as nonlinear imaging [41] and coded . ..
excitations f47j Secondly, because there is no amplitude taperihg of voltage over the transducer
aperture the method increases. transmlssmn power, and thus the srgnal-to noxse ratio (SNR) of the
_ system, Thlrdly, accordmg to the reciprocal principle, the square-wave aperture weightings can also
be applied to reception (echo signals) to replace some high-speed digital signal processing in image
reconstructions. .Finally, combined with the HFR image reconstruction algorithms that use the fast -
Fourier transform (FFT) {24}-[27], the method is useful to deVelop high-quality 3D imaging systems

that require fully addressable 2D array transducers of a large number of independent elements.
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[00165] To show the efficacy of the square-wave aperture weighting method, both in vitro and in vivo
experiments were carried out with the HFR imaging system. For simplicity, 2D, instead of 3D,
images were reconstructed. In the in vitro experiment, a custom-made, 128-element, 0.32mm pitch,
and 3.5MHz center frequency linear array transducer with about 50% fractional bandwidth was used
to obtain images of an ATS 539 tissue-mimicking phantom (ATS Laboratory, Inc). In the in vivo
experiment, an Acuson V2 phased array transducer (128 elements, 0.15mm pitch, and 2.5MHz center
frequency) was used to get images of a human heart for an entire heart cycle. Results show that the
quality of images obtained with the square-wave aperture weighting method is higher than that with
the exact limited-diffraction array beam weightings of the extended HFR imaging due to an increased
SNR. The in vivo experiments indicate that the method also works well for fast moving organs such
as the heart. As a comparison, results obtained with steered plane wave transmissions and focused
beam (focused at 70mm) transmissions of the conventional D&S method with dynamic focusing in
reception are also shown.,

[001 66] . To ensure the safety in the in vivo experiments, the mechanical index (M), thermal index

(Tl), and acoustic output (AO or Igpr, 5, the attenuated spatial-peak temporal-average intensity) of ..

 the system were measured for the two transducers used in the experiments [43]- [45] (see Fig. 14)

Results show thata hrgher pressure at the transducer surface may be allowed to mcrease the SNR for L

“a plane-wave type of beams such as those produced ‘with the square-wave aperture wei ghtrngs than

" the traditional focused beams without exceeding the upper limits (such as-1.9 for the MI) of the safety ;-

parameters [43]

[00167] Accordmg to the recrprocal prmcrple the square-wave aperture welghtmg method can also be
applied to the reception beamforming to approximate the exact sine and cosine limited-diffraction
array beam weightings. This allows simpler analog summing and subtracting circuits to be used to
produce all the spatial frequency compolnents of echo signals simultaneously in realtime and may
renlat:e some hlgh-speed digital' circuits that are otherwise needed without Signiﬁcantly affecting the
quality of i lmages reconstructed . | \ ,

[001 68] ln addition to the i 1mag1ng applrcatlons the square-wave aperture welghtmg in receptron can -
also be used as a general-purpose realtime spatial spectrum analyzer for waves impinging on the
transducer surface. This is similar to using an optical lens to obtain a realtime two-dimensional (2D)
spatial Fourier transform at either the focal distance or in the Fraunhofer regio'n (far field) for thin
objects placed against the lens aperture [54]. Unlike the Fourier optlcs where the.pha.se information
is usually ignored, the square-wave aperture weightings can naturally obtain both phase and
amplitude of signals for applications such as ultrasound and microwaves.

[00169] ILB. Methods of Producing HFR Image

[00170] In one non-limiting embodiment, the system for producing a high frame rate, high resolution
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and high contrast image, includes: a) transmitting a group of signals of energy toward one or more
objects to be imaged, the signals being weighted spatially on one or more transmitting apertures i) by
square waves, or ii) by limited-diffraction beams; b) weighting or Fourier transforming receive
signals spatially on one or more receiving apertures; ¢) reconstructing a two- or three-dimensional
image data set from i) the transmitted signals, and, ii) the receive signals; and, d) reconstructing the
image from the image data set of step c.

[00171] In another non-limiting embodiment, the system for producing a high frame rate, high
resolution and high contrast velocity vector image of one or more objects where at least a part of one
or more objects is moving, includes: a) transmitting two or more groups of signals of energy toward
the one or more objects, the signals being weighted spatially on one or more transmitting apertures D)
by square waves, or by limited diffraction beams; b) weighting or Fourier transforming receive
signals spatially on one or more receiving apertures; ¢) reconstructing two- or three-dimensional
image data sets from the groups of: i) the transmitted signals, and, ii) the receive signals; and; d)
using the image data sets to reconstruct: i) a first set of flow velocity component images in a first
direction, and ii) a second set of flow velocity component images ina second direction that is |

“different from the first direction; and, e) reconstructing one or more velocrty vectors 1mage from the -
" first and second sets of velocity component lmages o o '
~[00172] The steps a), b) and/or c) in the above embodrments can be performed a plurali ity of trmes
[00173] - The system can include an embodiment, where, in step a), each group may contain one or -
more signals, each of which is produced with one transmission. .
[00174] In certain non-limiting examples, the square-wave aperture weightings can be replaced with
Irmrted—drffractron beam welghtmgs for step a) or step b), or for both steps a) and b). o '
[00175} Also, the square—wave aperture werghtmgs on the received signals can be performed with.
analog summers and subtractors: The summers and subtractors can be of mulnple stages to reduce
the number of inputs of each summer and subtractor.
[00176} Also the aperture welghtmgs on the recerve signals can be:used as a spatral analyzer for
waves 1mpmgmg on the surface of a receiver. The spatial analyzer receives phase and ‘amplitude of
. the spatlal frequency components of the waves, or, is conﬁgured to receive real and imaginary parts .
of spatral frequency components of the waves,

B (00177} In another non-hmmng embodiment, a transmit signal is a broadband or narrowband signal.
The transmit srgnal ¢an be, for example, a coded signal such as a chlrp, Golay code, or m-sequence.

[00178] In a partrcular embodlment the receive signals are received echo srgnals that can be
densified by various mterpolatlon methods such as zero-padding, cubic spline mterpolatlon, and
others before Fourier transforms or interpolations. A

{00179] Further, in certam embodiments, the beam steering is a linear phase shift in frequency

domain to rotate beams that can be applied to one or more of: received echo signals before limited-
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diffraction array beam weightings to lncrease image reconstruction quality, reduce digital noises, and
to reduce computations,

[00180] The srep ¢) can include Fourier transforming along a time domain of one or more of: i) the
weighted transmitted signal, or ii) the spatial Fourier transform, whereby a multi-dimensional k-space
data set is formed. In certain embodiments, a window function is applied to one or more of: transmit
srgnals in time domain, transmit signals over transducer aperture, data sets of echo signals in time
domain, data sets of echo signals over transducer aperture, data sets of Fourier transform of echo
signals, data sets of interpolated Fourier transform, and data sets of Fourier transform corresponding
to each transmit weighting or beam steering.

[00181] In one particular embodiment, the step ¢) can include: i) interpolating a multi-_dimensional k-
space data set to produce rectilinear multi-dimensional k-space data sets; and, ii) performing inverse
Fourier transformations of the interpolated rectilinear multi-dimensional k-space data sets along each
of its dimensions to produce the image data set. The k-space data sets can have two- or three-
dimensions, and the inverse Fourier transformation can be performed along each of the two- or three-
dimensions to produce a two- or three- dimensional image data set. '

[001 82] Also, masks can be applied to partially ‘constructed images to remove unwanted drgrtal noise
for both limited diffraction beam and steered plane wave methods In certain embodrments, '

plurality of‘the single transmit spatial frequency signals and the multiple receive spatial frequency’ SR

signals can be combined to one or more. of: increase signal-to-noise ratio, image resolution, image .
contrast reduce sidelobes for the image through coherent superposition, and reduce speckie noise by
mcoherent superposrtron Also, the system can include combining a plurality of the muitiple transmit

" spatial frequency signals and the multlple recerve spatlal frequency srgnals to one or more of:
increase signal-to-noise ratio, image resolutron, image contrast reduce sidelobes for the image.
through coherent superposition, and reduce speckle noise by incoherent superposition.

[00183] In one particular non-limiting émbodiment, constructed 3D images are volume rendered or’

- surface rendered images. ’ A o ' ‘ .

[OOl 84] - The signals can be transmrtted witha one-drmensronal or tyvc-dimensional array transduce’r.'
‘The transducer can be a capacitive micromachined ultrasound transducer (CMUT) or a piezoelectric r
transducer. In certain embodiments, a single transmitter is used to produce werghtmgs for different

. transducer elements In other embodiments, more than one transmitter is used to produce weightings
for drfferem transducer elements. In each transmission, one of the two transmltters, can be selected

_ fora transducer element through a swrtch according to the sign of the sine and cosine aperture '
werghtmg function at the location of the element. In one particular embodrment the step a) and step
b) are performed using the same transducer array. o

[00185] In another embodiment, one group of transmitted srgnals is used to reconstruct an image. In

another embodiment, at least two groups of transmitted signals are used to reconstruct an image. .
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[00186] The received signals can be echo signals that are separated from transmit signals with a
~ transmit/receive (T/R) switch. The received echo signals can be filtered with aotiye or passive analog

| filters, or digital filters to avoid aliasing and reduce noise. The received echo signals can be
amplified with a time-gain-control (TGC) amplifier. Also, the which received and amplified echo
sxgnals can digitized with a analog-to-digital converter (ADC). Further, the received echo signals can
be weighted with limited-diffraction beams of different parameters either before or after analog-to-
digital conversion. The received and digitized echo signals can be stored in memory.

[00187] IILC. Apparatusto Produce HRF Image

[00188] As generally described above with respect to Figs. 3-9, there is provided a system for
producing a high frame rate, high resolution and high contrast image of one or more objects. The

- system can include: 1) one or more devices to: a) transmit a group of signals of energy toward the one
or more objects, the signals being weighted spatially on one or more transmitting apertures: i) by
square-waves or ii) by limited diffraction beams; and b) weight or Fourier transform a group of
receive srgnals spatially on one or more receiving apertures; 2) one or more devices to reconstruct a
two- or three-dlmensmnal image data set from the transmitted srgnals and the receive srgnals and, 3)
one or more devices to reconstruct the image from the image data set. ‘

[00189] To transfer a large among of data from an array transducer to an 1magmg system forimage

reconstructlon, hlgh~speed data links are used: Stgnals from multiple elements of an array transducer '

are combined into htgh-speed data streams that are transferred via fewer optxcal fibers than the
number of elements of the transducer.
[OOl 90] The transmit signals can be welghted spatially on one or more transmitting apertures to
' produce a linear time delay. Also the transmit signals can be weighted spatially on one or more
transmlttmg apertures by square waves of a single spatial frequency but of drfferent phases. In
certain embodtments the receive signals are weighted by multiple square waves of different spatlal
frequencies. In other embodiments, the receive signals are weighted by performing a spatial. Fourier’
. transform. ' 7 A
' [00191] Also, in certain embodiments, the transmit group comprises ore or more limited-diffraction ‘
‘beams or-their square-wave approxrmatlons In one non-limiting example, the transmitted signals
comprise sine and cosine spatially weighted signals or their square-wave approxxmatlons 4
.[001 92] The systems described herein can include two arbltrary-waveform transmitters, a first-.
‘transmitter having an ‘output voltage amplitude and a second transmitter havmg an inverted output of
‘ the same voltage amplltude ln certam embodlments, the system mcludes two transmitters, where one
: .of the two transmitters is selected for a transducer element through an electronic switch accordmg to
the sign of the sine and cosine aperture weighting function at the location of the element and is
controlled by a digital logic. The system can also include transducer elements switched between an

output voltage of fixed amplitude of only one transducer and no output.
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[00193] 1V. High Frame Rate Imaging System
[00194] IV.A. Description of the System

[00195] Fig. 1is ageneral structure diagram of one embodiment of an imaging system 52. Itis to be
understood that the signals of energy can be, for example, but not limited to ultrasonic,
electromagnetic, radar, microwave and the like: In the embodiment shown, the imaging system 52
includes a 2D transdocer aﬁay 12 comprised ofa olural.ity of elements. The transducer array driven
by the circuits 18 transmits at least one signal “Transmit” having a central frequency and wide
fractional bandwidth (i.e., bandwidth divided by the central frequency) to a 3D object 10. A receive
signal “Receive” (i.e., an echo reflected from a three-dimensional object) is received by the
transducer array 12 and the resulting signals from each of its separate elements is processed as
described below.

[00196] For2D-or 3D imaging, the inter-element distances of the transducer 12 along the x and y
axes are determined by the highest spatial frequencies of k. and ky, respectively. In certain
embodiments, the mter-element distance in the 2D transducer 12 can be much larger than a ful ly

- sampled 2D array used in the i imaging system 52 for electronic steering. It is to be notéd that each -
transducer element can be sub-diced. - '

[00197]  The energ‘y' signal is generated by a transmitter 18 for a short time period. The energy signal
‘s applred through a transmit/receive-switch 20 toall of the elements in the transducer 12. Theé srgnal
(for example, a resultmg limited-diffraction array beam or plane wave) that is launched from the
transducer 12 by the energy signal to its elements 1 is weighted and/or delayed.

[00198] The transmitters 18 can consist of one or two transmitters to implement square-wave aperture .,
weightings to produce limited- dlffractlon beams. ‘ ’ ’ "

[00199] The transmitters 18 should contain more transmltters if phase-delays are applied to the array
transducer 12. “ \

*1[00200] . The weightingcircuit 20 can be produced aperture square-wave‘weighted transrilission

energy.

A [00201] The md1vndual receive si gnals “Recewe” received by €ach transducer element are coupled

through the T/R switches 20 during a receive mode. In certain embodiments, the receive signals

. “Receive” are.sent to a weighing element 20 and/or 42 and are weighted and summed to produce
spati'alfrequency components (i.e., fl, £, ... f). ‘The receive 51gnals “Receive” are weighted to
produce a’'limited diffraction receive beam. ‘ ,

. [00202] In another embodiment, the recerve ergrrals “Recelve” are sent toa spatial FFT element 40

and undergo Fast Fourier ’[‘ransform .

[00203] .. The receive signals “Receive” are pre-amplified and then digitized by a delta-sigma digitizer .
22 to produce digital bit streams. Insome embodiment, the receive signals “Receive” are pre-

amplified and then digitized by a multi-bit analog-to-digital converter 24 and converted to bit
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streams.

[00204] The bit streams are combined to form bit streams of a higher data rate to reduce the number
of signal channels with bit stream combiners 26. ‘

[00205] The bit streams are used to modulate integrated light emission diodes (LED) 28 or other light
modulators to produce modulated optical signals.

[00206] Insome embodiment, the analog signals are pre-amplified by 54 and directly sent the light
emission diodes (LED) 28 or other light modulators to produce analog modulated optical signals.

[00207] The optical signals of different spectral bands are combined with wavelength-division
multiplexing 30 or other light combination devices to allow fewer fibers to carry more optical signals
simultaneously.

[00208] The optical signals are interfaced by 32 to connect to optical fibers 34 to transfer data to a
main image reconstruction system 16.

[00209] In some embodiment, the system 14 can be housed in an ultrasound probe that includes the
array transducer 12 and processing components from 18-32 and or 54.

- {00210} The optical signals from the optical fiber 34 are converted back to electrical signals by photo

detectors 36 and digitals or analog echo signals are recovered by 38 for all transducer elements. The

" echo srgnals are weighted with square-wave aperture weightings or with exact aperture weightings 42

'to produce receive limited-diffraction array beams. ln some embodiment, spatral FFT crrcurts 40are " T

. used to produce the same weighting effects..

[0021 1] The weighted signals are processed with temporal FFT 44 and then by the established high-
. frame rate image reconstruction procedure 46 to reconstruct images to display by 43.

[00212] The controller 50 is used to coordmate the operatlon of the entire rmagmg system 52.

[002 13] Also in certain embodiments, the i 1magmg system can instead, mclude a pre-amphﬁer 54 for

" receiving, amplifying and transmitting the analog signals to integrated li ght emission diodes (LED)
28 or other light. modulators to produce modulated optical.signals.

[00214] IV.B._Analog:-Si al Digitization and Transfer through an Optical Link ,

{00215] One of the biggest difficulties for 3D imaging with a 2D array trarisducer is that a 2D array
may have tens ‘of thousands of transducer elements inside a small probe area of such as 2cm x 2cm.
These tiny transducer elements have very small energy and it is- difﬁcult for them to drive acable of a
few feet long without srgmﬁcant loss of sngnals Because the number of elements is large, the cable
would be too thick to be practical even 1f the transducer elements could drive a long cable.

[00216] In yet another aspect there is provided a system for producing a high frame rate, hrgh

| resolution and high contrast image that includes an array transducer probe operatively linked viaan - A
optical link to an imaging system.

[00217] The system can include one or imore suitable devices capable of converting at least the

received signals to optical signals. The system can also include a device capable of digitizing at least
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the received signals. The preceding claims, further including one or more devices capable of
converting analog signals to multi-bit digital signals. Devices that can convert analog signals with
delta-sigma digitizers configured to produce bit streams. Also, a device can combine one or more bit
steams and funneling multi-channel data into higher-speed bit steams with fewer channels. Devices
that can then convert elecirical bit streams to optical signals. The multi-channel optical signals can
be'combined into a smaller number of channels. The channels of optical signals are recovered into
the original received electrical signals.

[00218] in one embodiment, the high frame rate imaging system can use optical fibers to transfer a
large amount of data at a high speed. The optical fibers can transfer about 14 x 10”12 bits/s
(terabits/s) through a single optlcal fiber over one segment of fiber of 160 km. More data could be
transferred if the fiber needed is only a few feet long (the product of data rate and fiber length is of
about a constant). i

[00219] Inone non—limifing example, one application for the present inventive system is the use of the
hrgh frame rate imaging system w1th a Vertical-Cavity Surface Emitting Laser (VCSEL) to produce
optlcal signals and to commumcate among different Central Processing Units (CPUs) or among’
digital signal processors of the 1magmg system. ,

[00220] In another apphcatlon is the use of the hlgh frame rate 1magmg system with optical links that oo
‘are in the next generatlon of CPUs. ’ g : ‘ '

[00221] * In yet another application is to use the optical CPUs mentioned above with the high-frame
rate imaging system. to make the system compact and low power while running at a much higher
speed but much cooler as compared to copper—wrred CPUs. '

' [00222] In another apphcatlon, the present hlgh frame rate 1magmg system is used with optical
commumcatlon techniques to transfer data from a 2D ultrasound array transducer to an imaging
system. In one non-hmltmg example, the hlgh frame rate imaging system includes a high-speed link
for ultrasound 2D array transducers.- Such data transfer method can be especially useful in an
ultrasound high frame rate imaging systems, as descrrbed herein. " In one embodrment the high frame
rate imaging system uses the full capability of-a 2D array to obtam a high-quality i 1mage and transfers

' data out of the transducer (probe) issing one or more optical fibers. . ‘

[00223] - In one square-wave aperture weighting i 1magmg method described herein, the fiber-based
system can use only two transmitters that can be easxly mtegrated into the ultrasound probe Without
the square-wave aperture weighting 1magmg system, even 1f the optical fiber could be used to transfer
echo data received from the transducer, 1t would still be drfﬁcult to use tens of thousands of
conventronal coaxial cables to send hlgh—voltage signals to drive all the elements of transducer to

produce uitrasound, defeatmg the purpose of using optrcal fibers.
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[00224] IV.C. Methods to Produce High-speed Optical Signals inside an Ultrasound Probe
[00225] IV.C 1 - Digitize Analog Signals

[00226] In certain embodlments, u]trasound echo signal of each transducer element is digitized with,
for example, 40MHz, 12-bit A/D converter. The data is serialized into 1-bit stream at a higher rate,
480Mbits/s. Then use electronics to further increase the data rate, and use an optical wavelength—
divi}sion multiplexing to combine data from multiple elements (say 1,000) to a single fiber. Ifan
ultrasound array has 16,384 elements, we need about 17 fibers, each of which has a diameter of a few
micrometers. The number of fibers could be reduced if the data could be packed into a rate that is
even higher before converting to optical signals.

[00227] IV.C 2 - Delta-Sigma 1-bit Digitization

[00228] Digitizing the signal of each transducer element with a Delta-Sigma 1-b1t digitization
technique.

[00229] In one system, the multidimensional image is produced by using Delta-Sigma sampling and
digitizing (or other sampling techniques such as a multiple-bit analog-to-digital conversion) of signals
received by each transducer element to produce a bit stream. The multiple bit streams from multiple
transducer elements are combined into one or more bit steams that have a higher bit rate or data fate.

" Oné-or more optical emitters with one or more bit streams of a high data rate aré modulated to

* produce digital optrcal signals. The digital optical’ srgnals are transferred via-one Or more optical
ﬁbers to a separate imaging system where the digital optical signals are reproduced back mto
electrlcal drgrtal signals that represent the original echo signals produced by all of transducer

, elements Images are then constructed with an extended high-frame rate imaging method.

[00230] The hrgh frame rate imaging system can be housed i in an ultrasound probe that can be held by &

a physrclan to move around patlent s body. Insuch embod:ments, the 1magmg system can be external

" to the probe and can be linked by the optical fibers to the probe for. transferring signals for
reconstructlons of multi-dimensional images. -

‘ [0023 11 The transducer housed in the probe is weighted along its spatlal dlmensrons with square-’
wave aperture weightings (the square-wave aperture weightings can be applied to either transmission
or reception beam, or both). The signals transmitted from at least one element of a transducer array |
form limited diffraction transmitted beams. The echo signals received at the separate elements are
weighted to form. limited diffraction receive beams or Fourier. transformations of the received signals.
Coherent or mcoherent superposition of spectra or sub-images obtamed from multiple transmissions
of the same or dlfferent aperture welghtmg parameters then form a fmal 1mage .

[00232] In certam embodrment the system can use an over-sampling rate of up to 1.28 GHz to
achieve an accuracy of the previous method (assuming the maximum ultrasound frequency is about
10 MHzZ) by the delta-sigma 1-bit digitizer. The system can be constructed with an established

integrated circuit process that may consume less overall power within the probe. Then, suitable
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electronics can be used to further increase the data rate. The resulting bit stream can directly control

" alaser on/off switch to convert electrical digital data to optical data. The number of fibers needed
depends on the number of chaﬁnels of slgnals that can l)e sent over a single fiber simultaneously as
explained above.

[00233] IV.C 3 - Fiber Optics for Analog Receive Signal transfer from Probe to Imaging System

{00234} Transfer analog echo signal of transducer elements throﬁgh optical fibers without
digitization. Use the signals plus a proper DC bias to modulate laser diodes to send the analog
signals through optical fibers directly. The number of fibers needed depends on the number of
channels of signals that can be sent over a single fiber simultaneously as explained above, too. This
method may be more subject to various distortions eue to the imperfection of the system.

[00235]1 [V.C.4 - Fiber Optics for General-Purpose Ultrasound Receive Signal Transmission

[00236]  The fiber-optic receive signal transmission system can be used with any image
reconstruction method, including conventional imaging methods to transfer signals received by a
multi-dimensional array transducer to an image formation system.

[00237] In one non-limiting embodirﬁent a delta-sigma digitizer and optical fibers provide an
especially useful system that solves potential interconnection problems of a high-frame rate -
ultrasound imaging system at a reasonable costs. o

T[0023 8] 'IVC.5 - General Purpose High Frante Rate Imaging Svstem

{00239] A high frame rate imaging system can include a device capable of recordmg radio frequency ‘
(RF) data from one or more transducer elements for at least one heart cycle. ‘The RF data is
synchronized to an electrocardiogram (ECG) signal at a desired frame rate, as determined by
ultrasound propagation speeds and system timing overhead. The system can include one or more
independeni linear pewer transmiﬁers and associated fast trensrrlit/receive (T/R) switch for each -

- transducer element. The device can include, or be operatively connected to a device eapable of
storing the acquired‘RF data and/or transferring the stored date: to a computer for one or more-of .
signal processing and image reconstructions. a o '

[00240] 1V.D. Velocity Imaging Using High Frame Rate Imaging System

[00241] [ V.D.1 Doppler Effect Using High Frame Rate Imagzng System_

[00242] The Dopp]er effect measurements can be used with the square—wave aperture weightings-or ..
the steered plane wave transmission methods to obtam flow i xmages In certain embodxments, at least . -
"a part of the object to be imaged is moving. In one embodiment, blood flow vector images are
‘reconstructed with one or more of:a Doppler method, a color flow autocorrelatlon method, a cross-
correlatxon method, a B-flow method a motion detection methods that are unique to the square-wave
(limited diffraction beam) aperture weightings, and a combined Doppler and cross-correlation. -
method. ' '

[00243] The images are reconstructed from different receive angles but with the same transmissions
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are used to reconstruct flow velocity component images. In certain embodiments, the first direction
is perpendicular with respect to a surface transmitting the signals. A single image can be used to
construct the first and second sets of flow velocity component images by rotating the single image
and interpolating data from the rotated image.
[00244] The system can be configured to transmit more than one beam at the same spatial frequency
or steering angle in order to obtain a velocity component image and to improve signal-to-noise ratio.
[00245] IV.D.2 B- Flow using High Frame Rate Imaging System

{00246] The high frame read imaging system can also be used to obtain flow velocity images with the
conventional B-flow techniques.

[00247] The B-flow technique can also be used with the square-wave aperture weightings or the
steered plane wave transmission methods to obtain flow images.

[00248] IV.D.3. Power Doppler Imaging using High Frame Rate Imaging System

[00249] The Power Doppler imaging can also be used with the square-wave aperture weightings or
the steered plane wave transmission methods to obtam flow images.
- {00250] IV.DA4.. Harmonic Imaging using High Frame Rate Imaging System
[002517 The methods as recited herein are also useful for conductmg harmomc 1magmg using either
" pulse inversion or filtering techniques. . C ' ’ )
: [00252] IV.D.5-Elasticit

[00253] . The methods as reclted herein are also useful for conductmg elastlclty imaging or stram rate

TImaging using High Frame Rate Imagin; Svystert:

imaging using the high frame rate imaging system. _
[00254] [V.E. ‘Broad Application of H:gh Frame Rate Imagmg System S T
[00255] The system can mclude a transmit/receive device that has one or more of l)a transducer array
, conﬁgured to form one or more hmlted-dnffractlon transmitted beams, or ii) steer a plane wave (or
" other beam) at one or more angles. The transmit signals and the receive signals can be formed by the
same transducer array. Also, the receive device can be confi gured to: i) Fourier transform the
~we1ghted receive signals to form at least a ﬁrst‘multi dimensional k;spece data set; ii) interpolate one - (
or more multl-dlmensmnal k-space data sets to produce rectilinear multr-drmensmnal k-space data
sets; and, iii) perform inverse Fourier transformatlons of the interpolated k-space data sets along each
of its dimensions, whereby the image data set is produced Also, the. system can further include one .
. or more devices capable of amphfymg at least the receive srgnals
[00256} IV.F. Other Considerations

[00257] Also in certain embodlments the receive srgnals can be focused dynamrcally or focused ata '

fixed depth through mechanical or electnca] means. In one non-limiting example, the receive srgnals
are focused electronically with’ delay-and-sum methods
[00258] = Also, in certain embodiments, the receive aperture is dynamically increased as echo signals

from deeper depths are returned.
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[00259] Also, in certain embodiments, the transmit signals can focused at different depths through
mechanical or electrical means. Inone non-limiting example, the transmit signals are focused
electronicall&. ‘

[00260] Also, in certain embodiments, two or more transmissions with different angles can be used to
reconstruct velocity vector images. In one non-limiting example, a combination of different
transmission angles and receptibn angles is used to reconstruct velocity vector images. The high
frame rate imaging system can further include one or more devices capable of combining one or more
bit steam and funneling multi-channel data into higher-speed bit steams with fewer channels. Also,
the high frame rate imaging system can further include one or more devices capable of converting
electrical bit streams to optical signals. The high frame rate imaging system can further include one
or more devices capable of combining multi-channel optical signals into a smaller number of
channels. The high frame rate imaging system can further include one or more devices capable of
recovering signals received originally by the transducer.

[00261] Also, in certain embodiments, the high frame rate imaging system can further include a
system in which all the components that are needed to reconstruct a multi-dimensional image are-
integrated into the array transducer probe and the reconstructed images are transmitted wirelessly to
an image display device that is not included in the transducer probe. In certdin non-limiting

-+ embodiments, the optical ‘components that are designed to transfer receive signals to an image
reconstructxon system are not needed. ' ' h

[00262] ltistobe understood that the system described herein can include one or more of the
following additional features, either alone, or in combination with other features set forth herein, such
as, for example: the spatial frequency can be non-uniform; and phase aberration correctxon methods
can be incorporated into the present system The system is especially useful so that a physxologlca]
functional image is reproduced. ' .

[00263] The foregomg has outlined in broad terms the more lmportant features of the invention -
disclosed herein so that the detalled descnptlon that follows may be more clearly understood, and so

* “that the contrlbunon of the instant inventors to the art may be better appreciated. The instant
invention is not to be limited in its appreciation to the details of the .constructlon -and to the
arrangements of the components set forth in the following description or illustrated in the drawings, -
Rather, the mventlon is capable of other embodiments and of being practxced and carried outin -
various other ways not speclﬁcally enumerated herein. Fmally, it should be understood that the
phraseology and termmology employed herein are for the purpose of descrlptlon and should not be
regarded as llmltmg, unless the specification specifically so limits the invention.

[00264] Further, the above descriptions of the preferred and alternative embodiments of the present
invention are intended to be illustrative and are not intended to be limiting upon the scope and

content of the following claims.
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[00265] All of the compositions and methods disclosed and claimed herein is made and executed
W1thout undue experlmentatlon in light of the present disclosure. While the compositions and
methods of this invention have been described in terms of the foregoing illustrative embodlments, it
will be apparent to those skilled in the art that variations, changes, modifications, and alteratrons may
be applied to the compositions and/or methods described herein, without departing from the true
concept, spirit, and scope of the invention. More specrfically, it will be apparent that subjects other
than human body can be imaged with the imaging system also. "All such similar substitutes and
modifications apparent to those skilled in the art are deemed to be within the spirit, scope, and
concept of the invention as defined by the appended claims.

[00266] In accordance with the provisions of the patent statutes, the principle and mode of operation
of this invention have been explained and illustrated in its preferred embodiment. However, it must
be understood that this invention may be practiced otherwise than as specifically explained and
illustrated without departing from its spirit or scope.
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CLAIMS

What is claimed is:

1. A system for producing a high frame rate, high resolution and high contrast image,
comprising:

a) transmitting a group of signals of energy toward one or more objects to be imaged, the
signals being weighted spatially on one or more transmitting apertures i) by square waves of a single
or more spatial frequencies, or ii) by limited-diffraction beams of a single or more spatial
frequencies;

b) weighting or Fourier transforming receive signals spatially on one or more recelvmg
apertures;

c) reconstructmg a two- or three-dimensional image data set from i) the transmitted signals,
and, ii):the-receive signals; and, cee : R LR L E b

d) reconstructing the image from the image data set of step c.

- 9,77 -+ A system for producing a high frame rate, high resolution and high contrast velocity ™

vector image of one-or more objects where at least a part of one or more objects is moving, comprising: - w

a) transmitting two or more groups of signals of energy toward the one or more objects, the :

S|gnals being weighted spatially on one or more transmmmg apertures i) by square waves of smgle or
more spatial frequencies, or by limited diffraction beams of single or more spatial frequencies;

b) weighting or Fourier transforming receive signals spatially on one or more rccelvmg )
aperfurcs; - A | . | , 4
c) reconstructing two- or three-dimensional image data sets from the groups of: i) the

* . transmitted s’ignals and, ii) the receive signals; and;
. d) using the i image data sets to reconstruct:
i) a first set of flow veloc1ty component 1mages ina first dll‘CCth[l, and -
i) a second set of flow velocity component images in a second direction that is
- dlfferent from the first direction; and, ‘
' e) reconstructing one or more velocity vectors 1mage from the first and second sets of velocity

component images.

3. A system for producmg a hlgh frame rate, high resolutlon and high contrast image of
one or-moré objects, comprising:” ‘
1) one or more devices configured to:

a) transmit a group of signals of energy toward the one or more objects, the signals
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being weighted spatially on one or more transmitting apertures: i) by square-waves of single or more
spatial frequencies, or ii) by limited diffraction beams of a single or more spatial frequencies; and
b) receive, and weight or Fourier transform receive signals spatially on one or more
receiving apertures;
2) one or more devices configured to reconstruct a two- or three-dimensional image data set
from the transmitted signals and the receive signals; and,

3) one or more devices configured to reconstruct the image from the image data set.

4. A system for producing a high frame rate, high resolution and high contrast image

comprising an array transducer probe operatively linked via an optical link to an imaging system.

5. The system of claim 4, wherein the array transducer probe comprises one or more
devices configured to transmit a group of signals of energy toward one or more objects, the signals
being weighted spatially on-one-or more transmitting apertures: i) by square-waves of a single or: 1 .-

more spatial frequencies, or ii) by limited diffraction beams of a single or more spatial frequeucies. .

“6. " A high frame rate imaging system comprising a high-speed optical link between an
"array transducer probe and an image reconstruction system, the optical link comprising:
one or more multi-bit analog-to-digital converters or one or more delta-sigma digitizers
configured to produce bit streams,
one or more bit steam combiners configured to funnel multi-channel data into higher-speed
blt steams with fewer channels, ‘
one or more optical modulators configured to convert electncal bit streams to optical signals,
one ‘or more optical spectral combiners or other optical combiners conﬁgured to combine
‘ multi—channe] optical signals,
one or more optical fi fiber interface and fibers, and ‘
onie or more light detectors and circuits configured to'recaver ongmal electrlcal echo data or
signals produced by the array transdicer probe, . '
whe;em ,t.hezlmage’recqnstructxou system is conﬁgured to reconstfuct multi-dimensional images . -
. through square-wave aperture weightings, limited-diffraction beam weightings, spatial fast Fourier
* Transform FFT circuits, linear tlme delay over apertures to produce steered recexve beams, or delay- ‘

and-sum 1magmg methods.

7. The system of ¢laim 6, further including a device configured to amplify signals from

the array transducer probe.
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8. The system of claim 6, analog receive signals are amplified to directly modulate
optical modulators to produce analog optical signals to be transferred via optical fibers to an imaging

system for signal processing and/or for image reconstruction.

9. A high frame rate imaging system comprising

a) a device capable of recording radio frequency (RF) data from one or more transducer
elements for at least one heart cycle synchronized to an electrocardiogram (ECG) signal at a desired
frame rate determined by ultrasound propagation s;;eeds and system timing overi1ead;

b) at least one independent linear power transmitter and its associated fast transmit/receive
(T/R) switch for each transducer element; and,

c) a device capable of storing the acquired RF data and transferrmg the stored datato a

computer for one or more of signal processing and image reconstruction.

w0 10. The system as in any of the preceding claims, wherein the square-wave aperture.: - : -

o Welghtmgs can be replaced with hmlted-dlffractlon beam weightings for step a) or step b), or for both

steps a) and b)

11, The system as in'any of the preceding claims, wherein the receive signals are
weighted spatially on one or more receiving apertures by square waves of a single spatial frequency

but of different phases.

12." ° The system as in any of the preceding claims, wherein the receive sigﬁals are
fweighted spatially on one or more receiving apertures by multiple square waves of different spatial

fr,eqixéﬁc'ies,‘or by multiple square waves of different spatial frequencies and different phases.

13.  The system as in any of the preceding claims, wherein the receive signals-are
‘weighted spatially on one or more receiving aperturés by limited-diffraction beams of a singlé spatial

frequency but of different phases.

14.  The systein as in any of the preceding claims; whereinthe receive sign'cils are -
'welghted spa‘ually on one or more receiving apertures by multiple limited- diffraction beams of
‘dlfferent spatlal frequencnes, or by multlple llmlted-dlffractlon beams of different spatial frequencies

and different phases.

15. . ‘The system as in any of the preceding claims, wherein the receive signals are

weighted by performing a spatial Fourier transform.

43



WO 2007/089580 PCT/US2007/002162

16. The system as in any of the preceding claims, wherein the receive signals are steered

with linear time delays across one or more apertures.

17. The system as in any of the preceding claims, wherein the receive signals are focused

dynamically or focused at a fixed depth through mechanical or electrical means.

18. The system as in any of the preceding claims, wherein the receive signals are focused

electronically with delay-and-sum methods.

19. The system as in any of the preceding claims, wherein the receive aperture is

dynamically increased as echo signals from deeper depths are returned.

20. - The system as in any of the preceding claims, in which'the square-wave aperture

* weightings on the received signals can be performed with analog summers and subtractors..

© 2L The syétem asin any.of the preceding claims, in which the summers and subtractors i

" can be of multiple stages to reduce the number of inputs of each summerand subtractor. =~ : ‘ s

22. The system as in any of the preceding claims, in which the aperture weightings on the \!,,

receive signals can be used as a spatial analyzer for waves impinging on a surface of a receiver.

23. The system of claim 22, in which the spatial analyzer is-configured to receive phase
and amplitude of the spatial frequency coinbonents of the waves, or, is configured to receive real and .

imaginary parts of spatial frequency components of the waves.

24, . The system as in any of the preceding claims, wherein, in step a), each group may

contain one or more signals, each of which is produced with one transmission.

25. The system as in any of the preceding claims, wherein the transmit signals are

weighted spatially on one or more transmitting apertures to produce a linear time delay.
26. The system as in any of the preceding claims, wherein the transmit signals are

weighted spatially on.one or more transmitting apertures by square waves of a single spatial

frequency but of different phases.
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27. The system as in any of the preceding claims, wherein the transmit signals are
weighted spatially on one or more transmitting apertures by multiple square waves of different spatial

frequencies, or by multiple square waves of different spatial frequencies and different phases.

28. The system as in any of the preceding claims, wherein the transmit signals are
weighted spatially on one or more transmitting apertures by limited-diffraction beams of a single

spatial frequency but of different phases.

29. The system as in any of the preceding claims, wherein the transmit signals are
weighted spatially on one or more transmitting apertures by multiple limited-diffraction beams of
different spatial frequencies, or by multiple limited-diffraction beams of different spatial frequencies

and different phases.

30; - - The system as in‘any of the preceding claims, wherein the transmit signals are steered’

with linear time delays across one or more apertures.

31. " The system as in any of the preceding claims, wherein the transmit signals are

* focused at different depths through mechanical of electrical means.

32. The system as in any of the preceding claims, wherein the transmit signals are

focused electronically.

33. . The systefh as in any of the preceding claims, in which the transmit group comprises

one.or more limited-diffraction beams approximations or their square-wave approximations.

34. ' The system as in any of the preceding claims, in which the transmitted signals

comprise sine and cosine spatially weighted signals or their square-wave approximations.

35.  The ‘sys'téxﬁ'és in any of the‘préceding'cla.irr{s, in which’'square-wave aperture C
wéightiﬁgs for iimitéd—diffréction array beam.imaging are impiemented as follows: ‘
U1 sin(x) 20 g ' R o
“.( ) {—1, sin(x) <0 ' ‘ an
and

‘ . i, cés(x)ZO . - : : :
wc(x)—{_]’ cos(x) <0’ - a8
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where w,(x) and w,(x) are square functions that are approximations of sine and cosine functions,
respectively, and when a single transmitter is used, the square functions, w,(x) and w, (x), will be

zero for sin(x) <0 and cos(x) < 0, respectively.

~ 36.  Thesystem as in any of the precedmg claims, including two transmitters, a first
transmitter having an output voltage of fixed amplitude and a second transmitter having an inverted

output of the fixed amplitude.

37. The system as in any of the preceding claims, including two transmitters, where one
of the two transmitters is selected for a transducer element through an electronic switch according to
the sign of the sine and cosine apertufe weighting function at the location of the element and is

controlled by a digital logic.

38. The system as in any of the preceding claims, including transducer elements switched

between an output voltage of fixed amplitude of only one transducer and no output.

‘ 39. .. The system as in any of the preceding claims, wherein steps a) - ¢) are performed a .
plurality of times.
40. . . ... Thesystem as in any of the preceding claims, in which the receive signal and its ‘

temporal Fourier transform (spectrum) of echoes returned from all random scatterers within the object

#) is a linear superposition of the'receive sienals from individual point scatterers as follows:
o p £n

Rivi i b ) = Lf(ro)mm(ro,t)*wA,,ay(ro,t)ldﬁ;

*7")’ T

= 1 _[A(k)T(k)H(k)[_[,f( Ye ik +k Yoo Hiky + )y0+1(kz+kq.)z,,d'.:o:le_ia,¢dk .

27: ‘ .
1 1 = ARTEHE . ®
=— F(k +k .k, +k Jk +k, )e"“"dk :
27 3, c
. g AT (k) H (k)
L 5 , ka,ky,k (@)= o F(kx’k_y!kz) “
R The system of claim 40, in which a 2D Fourier transform of the receive signals in f(errﬁs o

of both x, and y, over a transducer surface is as follows:
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R, s o @)= [ S @B ey o )P} G ),

= [ FR)®Ly G S, (S0, {8y Gos )}

It

42.

beams or their square~-wave approximations are transmitted (fix both er and kyr ) in each group as

follows:

Sx, » L[:f(rﬁ)(DArray

PCT/US2007/002162

e”‘\} (x~xg Y+(n-yo ¥ +z§

] - T(k)H(k)

(Dzmy(,) (% 1) = cos(k, x,) cos(k, v,)G(2,,t:k,,

Army(Z)

Lk
(%,,t) =cos(k, xo)sm(k yo)G(zo,t k
3 J’r

@’ arrayny (oo 1) = sin(k,_x,) cos(k, ¥, )G(z,, 15k,
cDArmy(d)(rOs 1) =sin(k, x,)sin(k, y, )G(Zos Lk Car s

where

G(zo,t

wherem for every set of transmissions, one obtams four areas of’ coverage in the spanal Fourier

(@), RO =

’xr

re (\/(xx -%)* + (¥,

)
)
)’
k,.)

3

||

"yo)z +2,

k‘ ) = _.1... ‘]‘A()C)H(k)eik”z"e""""dk = S;l {A(k)H(k)e”‘zr.‘-'o /C} :

domain of f (ro) , denoted as R™® =R(.') x (), R® = R(Z)

1’@(4) Rm

.43. .

B’I. (kx +

FEL(k_:r +k: ’ky

Fyu (K, -

. ka, (kx =

ke ok, +k, k)= czH(!c)(Rm—i—tRm-i-lR(s) R®)

reconstfuction, using a2D imaging formula:
Arra_y(l)(xO’zO’t) COS(k x())G (209t k )
(DAKFUJ’(Z) (x(l 2205 t) = Sln(kx,xo)Gl ( 02 L er )

r

| Fyp (K, +

FB’L (kx -

k, k) =cH(K) (R,fgk; (@)+iRP, (a))) :

k., k) = HUO(RD, (@)~ iRP, (@)
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k)= H(K)(R® —iR® +iR® + R®)
er,zcyark k)= HE) (RO +iRD —iR® + RD)
ko .k, =k, k) =c"H(k)(R® —iR® —iR® —

(4))

R(3)

(w) and

(a)) respectlvely, from combmatlons of the four echo signals (see (8)):

The system as in any of the preceding claims, wheréin, for a 2D image

(10)

The system as in any of the preceding claims, wherein four limited-diffraction array

(13

(14y - -

a9

(16)
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where G\(z,,t;k, ) =G (20, 13k, 5 k,,.) with k,_=0.
44. The system as in any of the preceding claims, wherein the image data set of step ¢) is
reconstructed using
k. =k, + k..
k,=k, +k,_ , ¢))

k.=k, +k,_=\k*—kX—k+[k*-k2 -k} >0

wherein when k, =k, =0, the formula is k.=k+k_

45. The system as in any of the preceding claims, in which a transit signal is a broadband

or narrowband signal.

46. ‘The S)}stem as in any of the pre'ceding'claims,‘ in which a transmit signal is a coded

' signai suchasa chirp, Golay code, or m-sequence.

47. The system as in any of the preceding claims, in which received echo signals are
densified by various interpolation methods such as zero-padding; cubjc spliné 'interpolation', and

others before Fourier transforms or interpolations.

48. The system as in any of the preceding claims, in which beam steering is a linear
" phase shift in fr:duency domain to rotate beams that can be applied to one or more of: received echo
signals before limited-diffraction array beam weightings or spatial Fourier transform to increase

- image reconstruction quality, reduce digital noises, and to reduce computations. -

49. The system as in any of the preceding claims, wherein step c) includes Fourier
transforming along a time domain of one or more of: i) receive signal, ii) the weighted receive signal,
_or iii) the spatial Fourier transform. of the receive sngnal whereby a multl-dlmenswnal k-space data

set is formed.

50. The system as in any of the preceding claims, in whlch a wmdow function is apphed
to one or more of: transmit signals in time domam transmit signals over transducer aperture, data sets ‘
of receive signals in time domain, data sets of receive signals over transducer aperture, data sets of
Fourier transform of receive signals, data sets of interpolated k-space, and data sets of Fourier

transform of receive signal corresponding to each transmit weighting or beam steering.
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51.  The system as in any of the preceding claims, wherein step c) includes:
i) interpolating a multi-dimensional k-space data set to produce rectilinear multi-
dimensional k-space data sets; and,
ii) performing inverse Fourier transformations of the interpolated rectilinear multi-

dimensional k-space data sets along each of its dimensions to produce the image data set.

52. The system of claim 51, wherein the k—space data sets have two- or three-
dimensions, and the inverse Fourier transformation is performed along each of the two- or three-

dimensions to produce a two- or three- dimensional image data set.

53. The system as in any of the preceding claims, in which masks are applied to partially
constructed images to remove unwanted digital noise for both limited diffraction beam and steered

plane wave methods.

54. The system as in any of the preceding claims, further including combining a plurality
of the single transmit spatial frequency sngnals and the multiple receive spatial frequency signals to
. one or more of: increase signal-to-noise ratio, image resolution, image contrast, reduce sidelobes for

_the image through coherent superposition, and reduce speckle noise by incoherent superposition.

55. The system as in any of the preceding claims, further including combining a plurality ,

of the multiple transmit spatial frequency srgnals and the multiple receive spatial frequency signals to 0

one or more of: increase srgnal—to—norse ratio, image resolution, image contrast reduce srdelobes for

the image through coherent superposmon and reduce speckle noise by incoherent superposrtion

56. The system as in any of the preceding claims, in which constructed 3D images are

volume rendered or surface rendered images.

.57.  Thesystemasin any of the preceding claims, in which the srgnals are transmitted

with a one-dimensional or two-dimensional array transducer.

58. The system as in any of the preceding claims, in which the transducer is a capacitive

micromachined ultrasound transducer (CMUT) or a piezoelectric. transducer.

59. The system as in any of the preceding claims, in which a single transmitter is used to

produce weightings for different transducer elements.
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60. The system as in any of the preceding claims, in which more than one transmitter is
used to produce weightings for different transducer elements.
61. The system as in any of the preceding claims, in which, in each transmission, one of

the two transmitters is selected for a transducer element through a switch according to the sign of the

sine and cosine aperture weighting function at the location of the element.

- 62. The system as in any of the preceding claims, in which the step a) and step b) are

performed using the same transducer array.

63. The system as in any of the preceding claims, in which one group of transmitted

signals is used to reconstruct an image.

64. - The system as in any of the preceding claims, in which at least two groups of

transmitted signals are used to reconstruct an image.

“ §5. - The system as in any of the preceding claims, in whichreceived echo signals are

separated from transmit signals with a transmit/receive (T/R) switch.. -

66. The system as in any of the preceding claims, in which recei?ed echo si gnals are

filtered with active or passive analog filters, or digital filters to avoid aliasing and reduce noise.

" §7. . The system as in any of the preceding claims, in which received echo signals are

. amplified with a time-gain-control (TGC) amplifier.

" 68.  The system as in any of the preceding claims, in which received and amplified echo

signals are digitized with a analog-to-digital converter (ADC).
69. The system as in any of the precédihg claims, in which received echo si gnals are
weighted with limited-diffraction beams of different parameters either before or after analog-to-

digital conversion.

70. The system as in any of the preceding claims, in which received and digitized echo

~ signals are stored in memory.
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71. The system of as in any of the preceding claims, in which at least a pzirt of the object

to be imaged is moving.
72. The system as in any of the preceding claims, in which blood flow vector images are

reconstructed with one or more of: a Doppler method, a color flow autocorrelation method, a cross-

- correlation method, a B-flow method, a motion detection methods that are unique to the square-wave
(limited diffraction beam) aperture weightings, and Aa combined Doppler and cross-correlation
method.

73. The system as in any of the preceding claims, in which images reconstructed from
different receive angles but with the same transmissions are used to reconstruct flow velocity

component images.

74. The system as in any of the preceding claims, in which the first direction is

perpendicular with respect to a surface transmitting the signals.

75. The system as in any of the preceding claims, in which a single image is used to
construct the first and second sets of flow velocity éomponent images by fotating the single image - "/

. and interpolating data from the rotated image.

76. The system as in any of the preceding claims, in which two or more transmissions

with different angles are used to reconstruct velocity vector images.

77. . The system as in any of the preceding claims, in which a combination of different

transmission angles and reception angles is used to reconstruct velocity vector images.

78.  ‘The system as in any of the preceding claims, in Which ‘power Doppler imagés are
reconstructed. '
79. . The system as in any of the preceding claims, in which harmonic images are

produiced with ﬁltéring or pulse inversion method.

80. The system as in any of the preceding claims, in which elasticity images or strain rate

images are reconstructed.

1. The system as in any of the preceding claims, in which phase-aberration correction
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methods are incorporated.

82. The system as in any of the preceding claims, in which a physiological functional

image is reproduced.

- 83. The system as in any of the preceding claims, wherein the spatial frequency is non-

uniform.

84. The system as in any of the preceding claims, wherein the transmit/receive device
comprises one or more of: i)a transducer array configured to form one or more limited-diffraction

transmitted beams, or ii) steer a plane wave (or other beam) at one or more angles.

85. The system as in any of the preceding claims, wherein the transmit signals and the

receive signals are formed by the same transducer array.

'86. - The'system as in any of the pre;:eding claims, wherein the receive device is’
configured to: i) Fourier transform the weighted receive signals to form at least a first multi-
dimensional k-space data set; ii) interpolate one or more multi-dimensional k-space data sets to
pr§dﬁce rectilinear multi-dimensional k—épace data sets; and, iii) perform inverse Fourier
transformations of the interpolated k—spacé data sets along each of its dimensions, whereby the image

data set is produced.

87. The system as in any of the preceding claims, wherein the system is configured to
transmit more than one beam at the same spatial frequency or steering angle in order to obtain a velocity

component image and to improve signal-to-noise ratio.

88. The system as in any of the preceding claims, further including one or more devices

capable of amplifying at least the receive signals.

89.  The system as in any of the preceding claims, further including one or more devices

capabie of amplifying at least the transmit signals.

90. The system as in any of the preceding claims, furfher including one or more devices

capable of converting at least the receive signals to optical signals.

91. The system as in any of the preceding claims, further including a device capable of
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digitizing at least the receive signals.

92. The system as in any of the preceding claims, further including one or more devices

capable of converting multi-bit analog signals to digital signals.

93. The system as in any of the preceding claims, further including one or more devices

capable of using delta-sigma digitizers configured to produce bit streams.

94. The system as in any of the preceding claims, further including one or more devices
capable of combining one or more bit steam and funneling multi-channel data into higher-speed bit

steams with fewer channels.

95. The system as in any of the preceding claims, further including one or more devices

capable of converting electrical bit streams to optical signals.

96.. The system as in-any of the preceding claims, further including one or more devices - -

" capable of combining multi-channel optical signals into a smaller number of channels.

.97. - - The system as in any of the preceding claims, further including one or more devices.

capable of recovering signals received originally by the transducer.

98. The system as in any of the preceding claims, in which one or more components used
to réconstruct a multi-dimensional image are integrated into an array transducer probe and the
reconstructed images are transmitted wirelessly to an image display device that is not included in the

transducer probe. .
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