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ULTRASONIC HARMONIC IMAGING WITH
ADAPTIVE IMAGE FORMATION

This is a continuation-in-part of U.S. patent application
Ser. No. 09/247,343 filed Feb. 8, 1999, which is a division
of U.S. patent application Ser. No. 08/943,546 filed Oct. 3,
1997, now U.S. Pat. No. 5,879,303, which claims the benefit
of U.S. Provisional Application No. 60/032,771 filed Nov.
26, 1996.

This invention relates to ultrasonic diagnostic imaging
systems and, in particular, to ultrasonic diagnostic imaging
systems which produce images of acquired harmonic sig-
nals.

The use of ultrasonic signals which are harmonically
related to transmitted ultrasound signals for ultrasonic diag-
nostic imaging is described in U.S. Pat. No. 5,833,613
(Averkiou et al.) and U.S. Pat. No. 5,879,303 (Averkiou et
al.) The *613 patent describes a number of techniques for
imaging with harmonic contrast agents. Ultrasonic contrast
agents are comprised of tiny encapsulated microbubbles
which, when struck by a transmitted ultrasound wave, will
exhibit nonlinear resonance, including resonance at har-
monic frequencies of the transmitted wave frequency. This
nonlinear resonance will return an echo signal containing the
harmonic frequencies in addition to components at the
fundamental (transmit) frequency. While the harmonic com-
ponents are not as great in intensity as the fundamental
components, they are nonetheless of relatively significant
intensity and can be readily detected and discriminated to
provide segmented contrast signal information.

The 303 patent describes another form of ultrasonic
harmonic imaging known as tissue harmonic imaging. Tis-
sue harmonic imaging relies upon the distortion of a trans-
mitted wave which occurs as the wave passes through the
tissue of the body. This distortion gives rise to nonlinear
signal components including those at harmonics of the
fundamental transmit frequency. The tissue harmonic signal
components are of a lesser relative intensity as compared to
contrast harmonic signal components, but may nonetheless
be readily detected and used to form ultrasonic images. As
explained in the "303 patent, tissue harmonic imaging pre-
vents the occurrence of nearfield and other image artifacts
which are common to fundamental signal images.

In both contrast and tissue harmonic imaging, the echo
signals received can contain both harmonic signal compo-
nents and fundamental frequency components. These signal
components can vary with the type of imaging procedure
being performed and the sources of the echo signals. For
example, harmonic contrast echo signal components are
usually of a lesser intensity than the fundamental echo
components, and tissue harmonic signals are generally of a
lesser intensity than harmonic contrast components. Funda-
mental and harmonic contrast components are generally
stronger for echoes returned from shallower depths, whereas
tissue harmonic components require the passage of a trans-
mit pulse through tissue before the harmonic components
develop. All three types of echo signals are subject to depth
dependent intensity attenuation and depth dependent fre-
quency attenuation.

The aforementioned *303 patent takes advantage of these
differing characteristics by teaching how produce images
which are a blend of fundamental and harmonic signals at
different depths and image areas. It would be desirable for
such blended images to be formed adaptively in response to
actual signal conditions, so that even greater advantage and
hence even better images can be formed from fundamental,
harmonic contrast, and tissue harmonic signal information.
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In accordance with the principles of the present
invention, an apparatus and technique are described for
adaptively forming images from linear (fundamental) and
nonlinear (harmonic) echo information. The fundamental
and harmonic content of an echo signal is detected and used
to form a composite signal of fundamental and/or echo
information which is a function of the relative quality of the
two components of the echo signal. In a preferred embodi-
ment the technique is performed on speckle reduced image
information. Images are thus formed from fundamental,
harmonic contrast, and tissue harmonic signal information
which use the respective signal components to maximal
advantage and thus higher quality and more diagnostic
images.

In the drawings:

FIG. 1 illustrates in block diagram form an ultrasonic
harmonic imaging system constructed in accordance with
the principles of the present invention;

FIG. 2 illustrates in block diagram form an adaptive
technique for blending fundamental and harmonic signals in
an image in accordance with the principles of the present
invention;

FIG. 3 shows an ultrasound image with blood vessels
carrying an ultrasonic contrast agent;

FIG. 4 illustrates examplary fundamental and harmonic
responses from echoes received along a scanline of the
image of FIG. 3; and

FIG. 5 illustrates in block diagram form a multi-channel
digital scanline processor which blends fundamental and
harmonic signals in a scanline of echo signals.

Referring first to FIG. 1, an ultrasonic imaging system
for harmonic imaging is shown in block diagram form. A
central controller 120 commands a transmit frequency con-
trol 117 to transmit a desired transmit frequency band. The
parameters of the transmit frequency band, £,,, are coupled
to the transmit frequency control 117, which causes the
transducer 112 of ultrasonic probe 110 to transmit ultrasonic
waves in the fundamental frequency band. The array trans-
ducer 112 of the probe 110 transmits ultrasonic energy and
receives echoes returned in response to this transmission.
The response characteristic of the transducer can encompass
one broad passband or two distinguishable passbands, one
around the fundamental transmit frequency and another
about a harmonic frequency in the received passband. For
harmonic imaging, a broadband transducer having a pass-
band encompassing both the transmitted fundamental and
received harmonic passbands is preferred. In harmonic con-
trast imaging the echo signals returned from harmonic
contrast agents include harmonics of the fundamental trans-
mit band. In tissue harmonic imaging tissue and cells in the
body alter the transmitted fundamental frequency signals
during propagation and the returned echoes contain har-
monic components of the originally transmitted fundamental
frequency. In FIG. 1 these echoes are received by the
transducer array 112, coupled through the T/R switch 114
and digitized by analog to digital converters 115. The
sampling frequency f, of the A/D converters 115 is con-
trolled by the central controller. The desired sampling rate
dictated by sampling theory is at least twice the highest
frequency of the received passband. Sampling rates higher
than the minimum requirement are preferable, such as 24,
32, or 40 MHz.

The echo signal samples from the individual transducer
elements are delayed and summed by a beamformer 116 to
form coherent echo signals. The digital coherent echo sig-
nals are then filtered by a digital filter 118. The digital filter
118 can bandpass filter the signals to separate signals of the
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desired harmonic passband, and can also shift the frequency
band to a lower or baseband frequency range. A preferred
filter can take the form of a multitap digital FIR filter which
can also decimate the output data rate. The digital filter 118
can also separate harmonic and fundamental frequency
components by combining spatially correlated echoes which
have been produced by differently modulated transmit
signals, a technique known as pulse inversion which is
described in U.S. Pat. No. 5,951,478. Adigital filter of either
type can be programmed to pass received fundamental
frequencies at one moment, and harmonic frequencies at the
next. The digital filter can thus be operated to alternately
produce images or lines of fundamental and harmonic digital
signals, or lines of different alternating harmonics in a
time-interleaved sequence simply by changing the filter
coefficients of an FIR filter or the sense in which multiple
echoes are combined in pulse inversion.

The filtered echo signals from the tissue or contrast agent
are processed by either a B mode processor 37, a contrast
signal processor 128, or a Doppler processor 130 for display
as a two dimensional ultrasonic image on the display 50. A
preferred form for the contrast signal processor is the power
motion imaging processor shown and described in U.S. Pat.
No. 5,718,229. Details of harmonic Doppler processing are
found in U.S. Pat. No. 6,036,643, Harmonic contrast and
tissue harmonic signals may be processed for display by any
of the three processors 37, 128 and 130, as may fundamental
frequency signals. The outputs of these processors are
coupled to a 3D image rendering processor 162 for the
rendering of three dimensional images, which are stored in
a 3D image memory 164. Three dimensional rendering may
be performed as described in U.S. Pat. Nos. 5,720,291,
5,474,073 and 5,485,842. The signals from the contrast
signal detector 128, the processors 37 and 130, and the three
dimensional image signals are coupled to a video processor
140 where they may be selected for two or three dimensional
display on an image display 50 as dictated by user selection.

In accordance with the principles of the present
invention, the harmonic and fundamental signal content of
an ultrasound image is adaptively varied as a function of the
received signals. A processor which provides this adaptive
capability is shown in FIG. 2. The beamformer 116 is shown
producing fundamental and harmonic signals F; and I, in
the spectrum drawn at the output of the beamformer. In this
example the signals of these two spectra are both significant
enough to form either a fundamental signal image or a
harmonic image. These signals are coupled to the inputs of
four quadrature bandpass filters (QBPs) labeled A, B, C, and
D. The QBPs perform quadrature demodulation of the I and
Q signal components of the echo signals and also filter the
signals through a programmable filter passband. The QBPs
in this embodiment also perform detection using the T and Q
components and separately detect the fundamental and har-
monic frequency bands. The QBPs may be formed by digital
FIR filters as more particularly described in U.S. Pat. No.
5,879,303. Alternatively, or in addition, fundamental and
harmonic separation can be performed by the technique
known as pulse inversion prior to the QBP filters, with the
fundamental components applied to QBP A and QBP B, and
the harmonic components applied to QBP C and QBP D.
When the echoes from two oppositely phase transmit signals
are summed, the harmonic components are produced and
applied to QBPs C and D, and when the same echoes are
subtractively combined the fundamental components are
produced and can be applied to QBPs A and B.

As indicated by the passband characteristics shown for
the four QBP filters, the passbands of QBPs A and B are
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different from each other, as are the passbands of QBPs C
and D. This passband differentiation allows the echo signals
in the respective passbands to be speckle reduced by fre-
quency compounding. The QBP A produces fundamental
signals in a low frequency passband Fg, and the QBP B
produces fundamental signals in a high frequency passband
Fy. When the signals in these two passband are separately
detected and combined, the speckle in the fundamental
signals is reduced by frequency compounding, as more
particularly described in U.S. Pat. No. 5,879,303.

Likewise, the QBP C produces fundamental signals in a
low frequency passband F,;, and the QBP D produces
fundamental signals in a high frequency passband F, .
When the signals in these two passband are separately
detected and combined, the speckle in the harmonic signals
is reduced by frequency compounding. By these processes
speckle reduced fundamental signals F/ are produced at the
output of adder 40, and speckle reduced harmonic signals F,
are produced at the output of adder 140.

A comparator 42 then compares the fundamental and
harmonic signals and producing scaling factors a and b as a
result of the comparison. For example the comparator 42 can
compare the respective amplitudes of the harmonic and
fundamental signals at each sample point along a received
scanline. The scaling factors a and b are then used to scale
the respective contributions of the fundamental and har-
monic signals in a composite output signal. The scaling
factors can, if desired, be normalized so that b=1-a at all
times. The scaling factors are used to scale the gain or
attenuation of the respective signals by multipliers 44 and
144 which multiply the fundamental signals by scaling
factor a and multiply the harmonic signals by scaling factor
b. The scaled signals are then combined by adder 46 to
produce a composite output signal of the form aFy+bF,, in
which the relative contributions of the fundamental and
harmonic components of the echo signal are adaptively
controlled as a function of the received echo signal content
of the two components. The contribution control character-
istic 1s determined by the algorithm used by the comparator
42 to produce the a and b scaling factors.

The aforementioned U.S. Pat. No. 5,897,303 describes in
FIG. 14 the development of images formed with blended
fundamental and harmonic echo signal components. Such
images take advantage of the relative characteristics of
fundamental and harmonic signals at different depths and
areas of the image. In general, in tissue harmonic imaging
the fundamental signals are desirable at shallower depths
where the distortion giving rise to harmonic components has
not yet produced significant harmonic effects. Since the
signal to noise ratio of fundamental signal components is
likely to be greater than that of the tissue harmonic
components, the image would preferably use fundamental
signal components for image formation at these shallower
depths. But as the transmitted wave progresses through the
tissue, harmonic effects build up, and there is a transition
from the predominate use of fundamental components to the
predominate use of harmonic components. At intermediate
image depths the use of harmonic components is preferred,
as the clutter associated with fundamental signals can be
eliminated. But as echoes are returned from the deepest
imaging depths, the effects of depth dependent amplitude
and frequency attenuation can be more significant for har-
monic signals, again giving rise to the desirability of imag-
ing with fundamental frequencies at these greater depths.
The image processor could be simply pre-programmed with
an algorithm that transitions from fundamental signals to
harmonic signals and back to fundamental signal usage at
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predetermined depths which have been empirically deter-
mined. However pre-programmed transition depths would
not allow a shallower depth transition to harmonic signal
content when the relative quality of the funamental and
harmonic signal components warrant. Preprogrammed tran-
sitions would not allow transition to harmonic signals when
the relatively stronger harmonic signals from contrast agents
are received at depths where tissue harmonic signals have
not yet achieved the quality that mandates the transition
from fundamental to harmonic imaging. The processor of
FIG. 2, however, makes these transitions adaptively in
accordance with the characteristics of signal content. When
the comparator determines that tissue harmonic signal con-
tent has developed to a sufficient degree in comparison with
the character of the fundamental signals, a transition begins
as the scaling factors begin to manifest the preference for
harmonic signal content. When the comparator determines
that the tissue harmonic signals have degraded in compari-
son to the fundamental signals, the scaling factors effect a
transition back to fundamental signal usage. When the
nearfield tissue through which the transmitted wave travels
gives rise to a more rapid buildup of harmonic content, the
initial transition to harmonic signal usage will occur earlier
at a shallower image depth. Similarly, when more severe
attenuation occurs which causes the signal to noise ratio of
the harmonic signals to fall off more rapidly, the transition
to fundamental signal usage will occur earlier at a shallower
depth than it might otherwise. Each new image, and indeed
each new scanline, can exhibit different transition points,
since the transitions are adaptively related to signal content,
and not merely empirically preset in accordance with
expected norms.

During harmonic contrast imaging, the harmonic echo
signals returned from the contrast agents in blood vessels
will in general be considerably greater than tissue harmonic
signals and thus yield a very favorable comparison to the
fundamental signal content at those points in the image.
Thus these comparisons can result in a predominate or
complete transition to the use of harmonic signals for echoes
returning from blood vessels containing contrast agents.
Outside of blood vessels the comparison will be between
fundamental and tissue harmonic component levels and the
same considerations will apply as discussed previously. The
signals of a given scanline could give rise to transitions from
fundamental to tissue harmonic to fundamental signal usage
described above, interspersed with near instantaneous and
complete transitions to harmonic signal usage whenever the
beam encounters a contrast-perfused blood vessel, which
quickly changes back to the tissue-based comparison as the
beam passes beyond the blood vessel.

This phenomenon is illustrated in FIGS. 3 and 4. FIG. 3
illustrates an ultrasound image 100 of tissue 101 containing
three blood vessel branches 104, 106, 108. One of the
scanlines of the image 100 is drawn as 102. As the drawing
shows, the scanline 102 initially passes through tissue, then
intersects blood vessel 104. The scanline then passes
through more tissue and intersects blood vessel 106. The
scanline passes through tissue of increasing depth, then
intersects blood vessel 108, following which the scanline
passes through more tissue until it reaches the bottom
(greatest depth) of the image. In this example the beam
which is transmitted to produce scanline 102 is assumed to
be focused at a depth between vessels 104 and 106.

FIG. 4 illustrates exemplary fundamental (Fund.) and
harmonic (Har.) response curves of fundamental and har-
monic echo signals returned from along scanline 102 of FIG.
3. This drawing is a generalized representation, as actual
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response is highly dependent upon the nature of the tissue
and vessels through which the ultrasound energy passes. The
fundamental response curve is seen to be significantly
greater than the harmonic response at shallower depths (low
Z) near the transducer, and builds in concentration as the
energy transmitted by the array transducer 112 comes into
focus. As the focal region is passed the Fund. response curve
declines as depth dependent characteristics combine with
increasingly unfocused beam conditions.

The harmonic response curve Har. begins at a very low
level as tissue harmonic distortion begins to occur. Tissue
harmonic energy builds rapidly with increasing depth as the
transmitted energy begins to concentrate around the focal
region, then declines due to depth dependent attenuation and
unfocused conditions. The harmonic response shows regions
204, 206, 208 of suddenly increased response as tissue
harmonic response is interrupted by contrast harmonic
responses where the transmitted energy encounters the har-
monic contrast agent within the blood vessels. The arrows
below the drawing illustrate regions where the processor of
FIG. 2 might make transitions between predominate funda-
mental or predominate harmonic responses. Initially the
comparison between the fundamental and tissue harmonic
responses would be in favor of fundamental signal usage, as
indicated by the initial depth region F;. When the harmonic
response 204 of the contrast agent in blood vessel 104 is
encountered, the comparison between the harmonic and
fundamental responses causes a rapid transition to harmonic
signal usage for the duration of the contrast signals. This is
followed by a return to predominate fundamental signal
usage F,, whereafter the comparision causes a transition to
tissue harmonic signal usage as the focal region is
approached. The depth of tissue harmonic signal usage is
seen to contain a portion during which contrast harmonic
response 206 is used, which would manifest itself in the
image as a region of greater contrast, e.g., brighter or
differently colored as compared to the surrounding tissue
harmonic image. When the tissue harmonic signal begins to
degrade, a transition back to fundamental usage F; occurs.
But shortly thereafter the response 208 of the contrast agent
of blood vessel 108 is detected, and the processor makes a
transition back to harmonic signal usage as echoes are
returned from the contrast agent. After the response 208 the
processor concludes with the depth region F,, of fundamental
signal usage. Thus, the processor is seen to adaptively
respond to the different signal conditions of contrast agents,
tissue harmonic signals, and fundamental signals throughout
the depth of the image.

FIG. § illustrates a more detailed embodiment of an
adaptive fundamental and harmonic imaging processor of
the present invention. The processor 16 of FIG. 5 is similar
to the two channel processor of FIG. 10 of the *303 patent
and the multi-channel digital processor of FIG. 2 of U.S. Pat.
No. 6,050,942, the contents of which are hereby incorpo-
rated by reference. Scanline echo data from the beamformer
116 is applied to a multiplexer 22. When the beamformer
produces only a single scanline at a time or scanline data in
a time interleaved format, only a single digital data path is
needed between the beamformer and the multiplexer 22. In
the illustrated embodiment, two digital data paths are shown,
enabling two simultaneously generated scanlines to be
coupled to the scanline processor 16 in parallel from a
multi-line beamformer. The operation of the scanline pro-
cessor 16 when receiving a single scanline will first be
described. The multiplexer 22 applies the scanline echo data
in parallel to the two channels 16a, 165 of the scanline
processor illustrated in FIG. §. Each channel of the scanline
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processor has a normalization stage 30,130 which multiplies
the scanline data by a scale factor on a sample by sample
basis to produce gain or attenuation that can vary with depth.
The scale factor for each channel is provided by normaliza-
tion coefficients stored in or generated by coefficient circuits
32,132, which in a preferred embodiment are digital memo-
ries. As the multiplying coefficients are changed along the
sequence of received scanline echoes, depth dependent gain
or attenuation is produced.

The function of the normalization stages is two-fold. One
is to compensate for a transducer aperture which expands
with depth of scan. As signals from an increasing number of
transducer are used with increasing depth, the magnitude of
the summed beamformed signals will increase. This increase
is offset by reduced gain (increased attenuation) in the
normalization stage, in proportion to the rate at which
channels are added to the beamforming process, so that the
resultant echo sequence will be unaffected by the changing
aperture.

The second function of the normalization stages is to
equalize the nominal signal amplitudes of the two channels
when frequency compounding is employed. The nominal
signal amplitudes of the multiple passbands used for fre-
quency compounding are desirably the same, so that the
initial relative signal levels will be preserved after the
passbands are summed to restore the original broad pass-
band. But ultrasound signals are subject to depth dependent
attenuation which varies with frequency, higher frequencies
being more greatly attenuated with depth than lower fre-
quencies. To account for this depth dependent attenuation
the coefficients provide signal gain which increases with
depth. Since frequency compounding employs different fre-
quency passbands in the two channels of the scanline
processor 16, the depth dependent gain of the two channels
differs from one channel to the other. In particular, the rate
of gain increase for the higher frequency passband channel
is greater than that of the lower frequency passband channel.
Each depth dependent gain characteristic is chosen to offset
the effect of depth dependent gain for the particular fre-
quency passband used by that channel for frequency com-
pounding. Since higher frequencies suffer more rapid attenu-
ation with depth than lower frequencies, the gain curve for
the high frequency passband should change more rapidly
than that for the low frequency passband.

After processing by the normalization stages 30,130, the
echo signals in each channel 16a, 16 are coupled to line
buffers 34,134. The line buffers perform several functions.
First, each line buffer stores the first half aperture beam-
formed echo signals for synthetic aperture formation. The
stored first half aperture signals are combined with the
second half aperture signals as the latter are produced to
form echo signals from the full synthetic aperture.

Second, the line buffers 34,134 each store a preceding
scanline when the interpolators 36,136 are operating to
interpolate scanline data from consecutively received scan-
lines. Each of the interpolators 36,136 interpolates addi-
tional scanline data between two received scanlines. Stored
weighted scanline signals are cross coupled from the line
buffer of one channel to the interpolator of the other channel
so that two interpolated scanlines can be produced in unison,
one at the output of each interpolator. In the case where the
interpolators 36,136 are not active and the scanline proces-
sor 16 is processing one scanline at a time, the same
sequence of scanline echoes is produced at the output of
each interpolator, varying only by the different time varying
gain factors of the normalization stages of the respective
channels 164, 165.
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Third, the line buffers 34,134 can each store a preceding
scanline when harmonic and fundamental signals are to be
separated by the pulse inversion technique. Each line buffer
stores echoes of a scanline received in response to a transmit
pulse of one phase or amplitude characteristic. A subsequent
scanline received in response to a transmit pulse of a
different phase or amplitude characteristic is combined with
the stored scanline to produce a scanline of linear or non-
lincar echo information. The adders of the interpolators
36,136 can be used for the combining process, and will
additively combine the two scanlines when nonlinear
(second harmonic) signals are to be produced and will
subtractively combine the two scanlines when linear
(fundamental) signals are to be produced. When the inter-
polator 36 subtractively combines the scanline data the
upper channel 164 will operate on fundamental signal infor-
mation and when the interpolator 136 additively combines
the scanline data the lower channel 165 will operate on
harmonic signal information. When both channels are oper-
ating on the same initial scanline data, the fundamental
signal components of each echo will be processed in channel
164 and the harmonic components of each echo will be
processed simultaneously in channel 165.

The echo signals in each channel are next coupled to
quadrature bandpass filters (QBPs) in each channel. The
quadrature bandpass filters provide three functions: band
limiting the RF scanline data, producing in-phase and
quadrature pairs of scanline data, and decimating the digital
sample rate. Each QBP comprises two separate filters, one
producing in-phase samples (I) and the other producing
quadrature samples (Q), with each filter being formed by a
plurality of multiplier-accumulators (MACs) implementing
an FIR filter. The accumulated outputs of several MACs can
be combined, and the final accumulated product comprises
filtered echo data. The rate at which accumulated outputs are
taken sets the decimation rate of the filter. The length of the
filter is a product of the decimation rate and the number of
MACs used to form the filter, which determine the number
of incoming echo samples used to produce the accumulated
output signal. The filter characteristic is determined by the
values of the multiplying coefficients. Different sets of
coefficients for different filter functions are stored in coef-
ficient memories 38,138, which are coupled to apply
selected coefficients to the multipliers of the MACs.

The coefficients for the MACs which form the I filter
implement a sine function, while the coefficients for the Q
filter implement a cosine function. For frequency
compounding, the coefficients of the active QBPs addition-
ally implement a sync function multiplied by a sine wave at
the center frequency of the desired passband. In the instant
case, when the scanline processor 16 is operating on only a
single scanline at a time, QBP, in channel 164 is producing
I and Q samples of the fundamental frequency scanline data
in a first, low frequency passband, and QBP;, in channel 165
is producing I and Q samples of the fundamental frequency
scanline data in a second, higher frequency passband. Thus,
the spectrum of the fundamental frequency echo signals is
divided into a high frequency band Fg; and a low frequency
band Fj, . To complete the frequency compounding process,
the echo data in the passbands produced by the QBP filters
A and B of channel 164 is detected by combining the I and
Q samples from each QBP filter in the form of (I*+Q*)"/* and
the detected signals are coupled to inputs of a summer 40.
The echo data in the harmonic passbands F,; and F,
produced by QBP filters C and D of channel 165 is detected
by the same detection process and the detected signals are
coupled to inputs of the summer 140. When the signals of
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the respective passbands are combined by the summers 40
and 140, respectively, the uncorrelated speckle effects of the
two passbands will cancel, reducing the speckle artifacts in
the images created from the signals. As explained in the *303
patent, speckle reduction is of considerable benefit when
producing harmonic images, as the speckle artifact can cause
dropout of signals from delicate and hard to image tissue
such as the endocardium of the heart.

When the processor 16 is used with a multiline beam-
former which produces multiple receive beams in response
to a single transmit wave, several modes of operation are
possible. One is to process one scanline through channel 16a
and another simultaneously received channel through chan-
nel 16b. Alternatively the line buffers can be used to buffer
scanline data, or the data from several scanlines can be
processed through each channel in a time interleaved
sequence. Preferably the number of channels of the proces-
sor is replicated so that multiple simultaneously received
scanlines can be process in parallel. For example the line
buffers in each channel can be followed by two interpolators
for interpolation and pulse inversion processing, and four
QBP filters in each channel so that two simultaneously
received scanlines can be processed in parallel.

The speckle reduced fundamental signals F/ and the
speckle reduced harmonic signals F,,' are applied to inputs of
a comparator which in this embodiment is formed by a
look-up table (LUT) 42. The LUT is a memory device
containing a two-dimensional data table. Values in the data
table are accessed by using the fundamental and harmonic
data as pointers to entries in the table. Thus the output of the
LUT are values determined by both the fundamental and
harmonic content of an echo signal. Output values of the
LUT can be single digital data values which are partitioned
into two parts: a scaling factor a for the fundamental signal
information and a scaling factor b for the harmonic signal
information. The a and b scaling factors are applied to inputs
of multipliers 44 and 144 in the respective channels to
produce scaled harmonic and fundamental signals of the
echo data of the form aF; and bF,,. The scaled components
are combined by an adder 46 to produce a speckle-reduced
composite echo signal which contains fundamental and
harmonic signal components adaptively proportioned in
response to the relative quality of those components.
Alternatively, the look-up table could directly produce
image values for processors 37,128,130 which are a function
of the relative values of the fundamental signals F, and the
tissue harmonic or harmonic contrast signals F,' applied to
the look-up table. Moreover, since the speckle-reduced
fundamental components F/ and the speckle-reduced har-
monic components F,' each have their own distinctive
speckle characteristics, the speckle artifact of the composite
signal is further reduced when the two components are
combined to form the composite signal. The output signal of
the adder 46 may then be used for subsequent B mode,
Doppler, tissue harmonic or contrast image processing in
either a 2D or 3D format as described above.

What is claimed is:

1. An ultrasonic diagnostic imaging system comprising:

a transducer which receives echo signals containing fun-

damental and tissue harmonic signal components;

an analysis circuit coupled to receive echo signal infor-

mation from said transducer which analyzes the relative
fundamental and tissue harmonic signal characteristics
of said echo signals; and

a processing circuit responsive to said analysis circuit

which produces echo signal information containing one
of fundamental, harmonic, or a combination of funda-
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mental and harmonic components determined in
response to the relative fundamental and harmonic
content of the echo signal analyzed by said analysis
circuit.

2. The ultrasonic diagnostic imaging system of claim 1,
wherein said transducer receives echo signals containing
fundamental, tissue harmonic, and harmonic contrast agent
signal components; and

wherein said analysis circuit analyzes the relative
fundamental, tissue harmonic, and harmonic contrast
agent signal characteristics of said echo signals.

3. The ultrasonic diagnostic imaging system of claim 1 or
2, further comprising a detector circuit coupled to said
analysis circuit which detects the relative fundamental and
harmonic signal content of said echo signals.

4. The ultrasonic diagnostic imaging system of claim 3,
wherein said analysis circuit acts to compare the relative
quality of said fundamental and harmonic signal content of
said echo signals.

5. The ultrasonic diagnostic imaging system of claim 1 or
2, wherein said processing circuit produces echo signal
information containing proportions of fundamental and har-
monic signal components determined in response to said
analysis circuit.

6. The ultrasonic diagnostic imaging system of claim 1 or
2, further comprising a speckle reduction circuit which
reduces the speckle content of at least one of said funda-
mental and harmonic signal components.

7. An ultrasonic diagnostic imaging system comprising:

a transducer which receives echo signals containing fun-

damental and tissue harmonic signal components;

an analysis circuit coupled to receive echo signal infor-
mation from said transducer which analyzes the relative
fundamental and tissue harmonic signal characteristics
of said echo signals; and

a processing circuit responsive to said analysis circuit
which produces echo signal information containing
fundamental and/or harmonic components determined
in response to said analysis circuit,

wherein said processing circuit produces echo signal
information containing proportions of fundamental and
harmonic signal components determined in response to
said analysis circuit;

wherein said analysis circuit acts to compare the relative
quality of said fundamental and harmonic signal con-
tent of said echo signals; and

wherein said processing circuit acts to increase the pro-
portion of harmonic signal content of said echo signals
relative to the fundamental signal content whenever the
quality of the harmonic signal content of said echo
signals exceeds a given level.

8. An ultrasonic diagnostic imaging system comprising:

a transducer which receives echo signals containing fun-
damental and harmonic frequency signal components;

a comparator circuit coupled to receive echo signal infor-
mation from said transducer which compares the rela-
tive fundamental and harmonic signal characteristics of
said echo signals; and

a scaling circuit responsive to said comparator circuit
which produces different proportions of fundamental
and harmonic signal components of echo signals; and

a processing circuit responsive to said scaling circuit
which produces echo signal information containing
proportioned fundamental and harmonic signal com-
ponents.
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9. The ultrasonic diagnostic imaging system of claim 8,
wherein said comparator comprises a look-up table.

10. The ultrasonic diagnostic imaging system of claim 8,
further comprising a separator circuit responsive to said
echo signals which separates fundamental and harmonic
signal components of an echo signal.

11. The ultrasonic diagnostic imaging system of claim 10,
wherein said separator circuit acts to separate fundamental
and harmonic signal components by pulse inversion pro-
cessing.

12. The ultrasonic diagnostic imaging system of claim 10,
further comprising a speckle reduction circuit responsive to
said echo signals which reduces the speckle content of said
echo signals.

13. The ultrasonic diagnostic imaging system of claim 12,
wherein said speckle reduction circuit has an input coupled
to said separator circuit and an output coupled to said
comparator,

wherein said speckle reduction circuit acts to reduce the
speckle content of said harmonic signal components
and the speckle content of said fundamental signal
components.

14. An ultrasonic diagnostic imaging system comprising:

a transducer which receives echo signals containing fun-
damental and tissue harmonic frequency signal com-
ponents;

an analysis circuit coupled to receive echo signal infor-
mation from said transducer which determines the
relative proportions of the fundamental and tissue har-
monic signal content of an echo signal; and

an adaptive proportioning circuit responsive to said analy-
sis circuit which acts to adaptively adjust the relative
proportions of fundamental and harmonic signal con-
tent of an echo signal in response to said determined
proportions.

15. The ulirasonic diagnostic imaging system of claim 14,
wherein said transducer receives echo signals containing
fundamental, tissue harmonic, and harmonic contrast agent
signal components; and

wherein said analysis circuit determines the relative pro-
portions of fundamental, tissue harmonic, and har-
monic contrast agent signal content of an echo signal.

16. The ultrasonic diagnostic imaging system of claim 14
or 15, wherein said analysis circuit comprises a comparator.

17. The ultrasonic diagnostic imaging system of claim 14
or 15, wherein said analysis circuit comprises a look-up
table.

18. The ultrasonic diagnostic imaging system of claim 14
or 15, wherein said analysis circuit and said adaptive pro-
portioning circuit comprise a look-up table.

19. The ultrasonic diagnostic imaging system of claim 14
or 15, wherein said adaptive proportioning circuit comprises
a multiplier responsive to said analysis circuit.

20. The ultrasonic diagnostic imaging system of claim 19,
wherein said adaptive proportioning circuit further com-
prises an adder coupled to said multiplier which produces an

10

15

20

25

30

35

45

50

55

12

echo signal with adapted proportions of fundamental and
harmonic signal content.

21. The ultrasonic diagnostic imaging system of claim 14
or 15, further comprising a separator circuit responsive to
said echo signals and coupled to said analysis circuit which
separates fundamental and harmonic signal components of
an echo signal by the process of pulse inversion.

22. The ultrasonic diagnostic imaging system of claim 21,
further comprising a speckle reduction circuit which reduces
the speckle content of at least one of said fundamental and
harmonic signal components.

23. An ultrasonic diagnostic imaging system comprising:

a transducer which receives echo signals containing fun-

damental and tissue harmonic signal components;

an analysis circuit coupled to receive echo signal infor-

mation from said transducer which analyzes the relative
fundamental and tissue harmonic signal characteristics
of said echo signals; and

a processing circuit responsive to said analysis circuit

which produces echo signal information containing
fundamental and/or harmonic components determined
in response to said analysis circuit,

wherein said transducer receives echo signals containing

fundamental, tissue harmonic, and harmonic contrast
agent signal components;
wherein said analysis circuit analyzes the relative
fundamental, tissue harmonic, and harmonic contrast
agent signal characteristics of said echo signals;

wherein said processing circuit produces echo signal
information containing proportions of fundamental and
harmonic signal components determined in response to
said analysis circuit;

wherein said analysis circuit acts to compare the relative

quality of said fundamental and harmonic signal con-
tent of said echo signals; and

wherein said processing circuit acts to increase the pro-

portion of harmonic signal content of said echo signals
relative to the fundamental signal content whenever the
quality of the harmonic signal content of said echo
signals exceeds a given level.

24. The ultrasonic diagnostic imaging system of claim 7
or 23, wherein said quality of the harmonic signal content is
related to the signal to noise ratio of said harmonic signal
components.

25. The ultrasonic diagnostic imaging system of claim 7
or 23, wherein said processing circuit acts to increase the
proportion of harmonic signal content of said echo signals
relative to the fundamental signal content whenever the
quality of the harmonic signal content of said echo signals
exceeds a given level, and does not act to increase the
proportion of harmonic signal content of said echo signals
relative to the fundamental signal content whenever the
quality of the harmonic signal content of said echo signals
does not exceed a given level.
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