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(57) ABSTRACT

A method of determining a position of a target using a metric
comprises receiving a plurality of ultrasound signals repre-
sentative of ultrasound energy received from the target and,
for each of a plurality of different foci, adjusting the ultra-
sound signals in dependence on the focus and determining a
value of the metric using the adjusted ultrasound signals.
The method further comprises using the determined values
for the metric for the different foci to determine a position
of the target.
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A METHOD OF, AND APPARATUS FOR,
DETERMINATION OF POSITION IN
ULTRASOUND IMAGING

FIELD

[0001] The present invention relates to a method and
apparatus for increasing the spatial resolution of ultrasound
imaging, for example a method and apparatus for determin-
ing a position of microbubbles in ultrasound with a spatial
resolution beyond the diffraction limit.

BACKGROUND

[0002] The spatial resolution of current ultrasound imag-
ing systems may be determined by the diffraction limit. The
interference of emitted wavefronts may reduce the focussing
capability of an aperture. Objects that are smaller than the
diffraction limit may be resolved, but due to the diffraction
of the beam and the duration of transmitted pulses they may
appear to have a size of the Point Spread Function (PSF).
The PSF may be comparable to the wavelength of the
applied sound wave.

[0003] The diffraction limit of an ultrasound system may
depend on the wavelength of the applied sound wave used,
the aperture size, and the duration of transmitted ultrasound
pulses. Higher resolution of ultrasound imaging may be
achieved by the use of shorter pulses or higher frequencies
or by the use of smaller transducer elements, so as to lower
the diffraction limit. However, the use of higher frequencies
may be at the expense of beam penetration depth. Since
attenuation increases with frequency, frequency is inversely
related to penetration depth.

[0004] High penetration depth, for example a penetration
depth in the order of tens of millimetres, may be desired to
acquire images of most tissue structures. A trade-off between
spatial resolution and penetration depth may be deployed to
achieve images of tissue structures that provide diagnostic
information. In the axial dimension (which may be consid-
ered to be a direction along an axis into the body, for
example an axis perpendicular to a transducer array), organs
can be imaged using a transmission frequency of a few MHz
which may achieve visualisation of several centimetres in
depth but may limit the resolution to around the millimetre
range. The implementation of frequencies of several hun-
dreds of MHz, which may provide a micrometric resolution,
may only allow a penetration depth of less than 1 mm.

[0005] Current diffraction-limited diagnostic ultrasound
methods are widely used for many diagnostic applications.
However, there are cases in which medical ultrasound could
provide additional benefits if increased resolution could be
achieved. Increased spatial resolution may provide benefits
in both diagnostic and therapeutic applications. One
example of such an application may be in the detection and
characterisation of microvascular diseases. Research
towards obtaining high resolution images, for example
images of microvascular structure, is being conducted.

[0006] Contrast microbubbles may be used in ultrasound
imaging. Contrast microbubbles may be micrometre-scale
bubbles (for example, bubbles having 2 to 3 um diameter)
that are introduced into vascular structures to be imaged.
The reflection of ultrasound waves from microbubbles may
be much greater than the reflection of ultrasound waves from
soft tissue. Contrast microbubbles may be used to distin-
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guish a vascular structure from the surrounding soft tissue.
Microbubbles may be considered to be point targets.
[0007] Despite the micrometric size of microbubbles, it
may be possible to distinguish single scattering events due
to their high scattering efficiency. Microbubble signals may
be visualised as microbubbles flow through the vascular bed.
Signals may be significantly enhanced by signal processing
algorithms that allow the subtraction of all other tissue
reflections and scatter. However, the use of high concentra-
tions of microbubbles clinically may provide images where
the varying brightness levels can only be measured to
provide a qualitative assessment of vascular kinetics.
[0008] Some high resolution images of vascular structure
have been obtained using contrast agents such as
microbubbles, and an a priori knowledge of point source
scatter. See, for example, M. A. O’Reilly, R. M. Jones, and
K. Hynynen, “Three-dimensional transcranial ultrasound
imaging of microbubble clouds using a sparse hemispherical
array,” IEEE Trans. Blom. Eng., wvol. 61, no. 4, pp.
12851294, 2014; M. A. O’Reilly, and K. Hynynen, “A
super-resolution ultrasound method for brain vascular map-
ping,” Med. Phys., vol. 40, no. 11, pp. 110701, 2013; K.
Christensen-Jeffries, R. J. Browning, M. X. Tang, C.
Dunsby, and R. I. Eckersley, “In Vivo Acoustic Supet-
Resolution and Super-Resolved Velocity Mapping Using
Microbubbles,” IEEE Trans. Med. Imag., vol. 34, no. 2, pp.
433-440, February 2015. The high resolution images of
these studies were accomplished by applying effective aber-
ration correction methods based on high accuracy position
estimation of individual bubbles.

[0009] With the exception of the studies cited above, the
use of super-resolution imaging may still be considered to be
limited in medical ultrasound when compared to other
imaging fields that are also diffraction limited, such as
optical microscopy. Resolution of ultrasound images may in
most cases be comparable to the wavelength used.

SUMMARY

[0010] In a first aspect of the invention, there is provided
amethod of determining a position of a target using a metric,
the method comprising receiving a plurality of ultrasound
signals representative of ultrasound energy received from
the target; for each of a plurality of different foci, adjusting
the ultrasound signals in dependence on the focus and
determining a value of the metric using the adjusted ultra-
sound signals; and using the determined values for the
metric for the different foci to determine a position of the
target.

[0011] The determined position of the target may be a
depth position of the target.

[0012] A spatial resolution of the determining of the
position of the target may be below a diffraction limit for a
frequency of the ultrasound signals.

[0013] Inultrasound, it may be possible to obtain multiple
sets of processed data, each processed using a different
focus, from signals obtained from a single transmission. By
processing a set of ultrasound signals using multiple foci, a
high position resolution may be obtained, for example a
resolution beyond the diffraction limit.

[0014] The plurality of ultrasound signals may represent
ultrasound energy received from a single ultrasound trans-
mission. Several different values for the metric may be
obtained from data from a single ultrasound transmission.
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The different values for the metric may be obtained by
adjusting the signals differently for each focus.

[0015] The metric may be based on at least one of a
sharpness, a contrast, an intensity, a signal amplitude.
[0016] The determined value for the metric may be dif-
ferent when the ultrasound signals are processed using
different foci. The difference in values of the metric for the
different foci may be used in determining position.

[0017] For each focus, adjusting the ultrasound signals
may comprise focusing the ultrasound signals at the focus.
Each focus may comprise a focal point or focal plane.
[0018] Adjusting the ultrasound signals in dependence on
the focus may comprise beamforming the ultrasound sig-
nals, for example at the focus. Adjusting the ultrasound
signals in dependence on the focus may comprise beam-
forming the ultrasound signals in receive, using the focus as
a receive focus.

[0019] Beamforming the ultrasound signals, for example
at the focus, may comprise applying time delays to at least
some of the ultrasound signals.

[0020] The plurality of ultrasound signals may correspond
to a respective plurality of ultrasound transducer elements,
and the time delays may be applied in dependence on a
distance from each transducer element to the focus.

[0021] The beamforming of the ultrasound signals at the
focus may comprise using a Delay-and-Sum beamformer.
Beamforming the ultrasound signals may comprise sum-
ming the time-delayed ultrasound signals. Different time
delays may be applied to focus the signals at different foci.
[0022] Beamforming the ultrasound signals may further
comprise applying apodization weights to the ultrasound
signals.

[0023] Using the determined values for the metric for the
different foci to determine a position of the target may
comprise using a plurality of calibration functions, each
calibration function corresponding to a respective focus.
[0024] For each focus, the corresponding calibration func-
tion may be a function of position of the target and value for
the metric with that focus.

[0025] For each focus, value for the metric may vary with
position. For a given position, the value for the metric for
one focus may be different for the value for the metric for
another focus. Therefore a plot of value of the metric versus
position may be different for each focus.

[0026] Each calibration function may be obtained from
measurements and/or simulations of the value of the metric
for a target that is placed at a plurality of positions.

[0027] The determined position for the target may be a
position for which the determined values of the metric for
the different foci best match calibration function values of
the metric for that position.

[0028] Each calibration function may comprise a prob-
ability density function.

[0029] The probability density function may be a function
of mean values for the metric and variances or standard
deviations for values of the metric. The probability density
function may comprise a likelihood or probability for value
of the metric with target position.

[0030] Determining the position of the target may com-
prise determining a position for which a combination of the
calibration functions is maximised.

[0031] The combination of the calibration functions may
comprise a product of the calibration functions. Each cali-
bration function may comprise a likelihood or probability
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that a target in a given position will result in a given value
of the metric. The likelihoods or probabilities may be
independent of each other.

[0032] Determining a position for which a combination of
the calibration functions is maximised may comprise using
a maximum likelihood estimator.

[0033] The metric may comprise a sharpness metric. A
sharpness metric may be representative of the total aberra-
tion that is dominated by defocus, in a data set. A value for
a sharpness metric may be higher for a target that is in focus
than for a target that is out of focus.

[0034] The adjusted ultrasound signals may comprise a
plurality of data points. The value for sharpness metric may
be dependent on amplitudes for a selected at least some of
the plurality of data points.

[0035] Each data point may correspond to a different
position in coordinate space. Adjusting the ultrasound sig-
nals may comprise beamforming the ultrasound signals for
each focus. The beamformed signals may be represented by
the plurality of data points. The data points may be referred
to as samples. The selected at least some of the plurality of
data points may be data points in a region around the target.
[0036] The method may further comprise performing an
envelope detection on the adjusted ultrasound signals (for
example, the beamformed ultrasound signals). The envelope
detection may comprise a Hilbert transform. The amplitudes
for the data points may comprise envelope values for the
data points.

[0037] The sharpness metric may be proportional to the
fourth power of the amplitudes of the selected at least some
of the plurality of data points.

[0038] The sharpness metric may be a normalised sharp-
ness metric. Determining the sharpness metric may com-
prise summing the fourth power of the amplitudes of the
selected data points, and dividing by a square of the sum of
the squares of the amplitudes of the selected data points.
[0039] The method may further comprise selecting a
region around the target, wherein the metric is determined
for the selected region.

[0040] Determining the metric for only a selected region
may be more efficient than using all the data from the
ultrasound signals. More than one target may be represented
in received data, and a separate region may be determined
for each target.

[0041] The selected at least some of the plurality of data
points may be data points within the selected region.
[0042] The method may further comprise determining
statistics for the data points within the selected region, and
adjusting the selected region based on the determined sta-
tistics. The statistics may comprise, for example, a range or
distribution of amplitude values. Adjusting the selected
region may comprise changing a size, shape and/or position
of the selected region. For example, the statistics may
indicate that the selected region contains more than one
target, in which case the size of the selected region may be
reduced.

[0043] The same selected region may be used in deter-
mining the value of the metric for each focal point.

[0044] Selecting a region around the target may comprise
determining an approximate position for the target and
selecting a region around the approximate position.

[0045] Determining an approximate position may com-
prise determining a maximum or minimum in at least one
property of the adjusted ultrasound signals. The at least one
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property may comprise amplitude. The approximate position
may be determined from the adjusted ultrasound signals.
The approximate position may be determined from the
adjusted ultrasound signals for a single focus. Determining
an approximate position may comprise detecting a peak or
PSF (point spread function) and centering the selected
region on the peak or PSF.

[0046] The target may comprise a contrast microbubble.
The contrast microbubble may be considered to be a point
source. The contrast microbubble may comprise a gas-filled
microbubble. The contrast microbubble may comprise, for
example, a sulphur hexafluoride bubble with a phospholip-
idic monolayer shell. The contrast microbubble may com-
prise a Sonovue® microbubble.

[0047] The ultrasound signals may be received from an
ultrasound transmission, the ultrasound transmission com-
prising a non-linear ultrasound pulse. The non-linear pulse
may be such that ultrasound signals received from the
contrast microbubble are enhanced when compared with
ultrasound signals received from soft tissue.

[0048] The determined position of the target may com-
prise an axial position. The different foci may be focal points
having different positions in an axial direction. The position
of the target in an axial direction may be determined by
obtaining values for the metric for focal points having
different axial positions.

[0049] The target may be part of an object to which
ultrasound energy is transmitted from an ultrasound source,
and the axial direction may be a direction into the object
from the ultrasound source.

[0050] The axial position may be a position in depth. The
axial position may comprise a distance from the ultrasound
source, for example a distance from a central element of a
linear array transducer.

[0051] The ultrasound source may comprise an ultrasound
transducer. The ultrasound signals may be received by the
ultrasound transducer. The determined position may be a
position in an axial direction with respect to the ultrasound
transducer. The ultrasound transducer may be a linear array
extending in a lateral direction.

[0052] The ultrasound signals and/or the adjusted ultra-
sound signals may comprise raw ultrasound data.

[0053] For each focus, the value of the metric may be
determined from raw ultrasound data. The value of the
metric may be determined without forming an image from
the ultrasound data. Raw ultrasound data may comprise data
that has not been compressed and/or interpolated. The
determination of the metric may be more accurate when
performed on the raw ultrasound data than when performed
on data that has been processed to form an image, for
example by compression and/or interpolation.

[0054] The method may further comprise processing the
ultrasound signals to form an image of the target using the
determined position of the target.

[0055] The method may further comprise determining the
position of at least one further target using the metric.
Determining the position of the at least one further target
may comprise determining values of the metric for the
further target. A region around the further target may be
selected, and the values of the metric may be determined for
that region.

[0056] In a further aspect of the invention, which may be
provided independently, there is provided an apparatus for
determining a position of a target using a metric, the
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apparatus comprising a receiver, for example an ultrasound
transducer, configured to receive a plurality of ultrasound
signals representative of ultrasound energy received from
the target; and a processor, wherein the processor is config-
ured to, for each of a plurality of different foci, adjust the
ultrasound signals in dependence on the focus and determine
a value of the metric using the adjusted ultrasound signals;
and wherein the processor is further configured to use the
determined values for the metric for the different foci to
determine a position of the target.

[0057] In a further aspect of the invention, there is pro-
vided a method of calibration of a position determination
method using a metric, the method comprising: for each of
a plurality of foci, determining a calibration function of
value of the metric and position for that focus by positioning
a target at each of a plurality of known positions and, for
each of the plurality of known positions, determining a value
of the metric for the target at the position by: receiving a
plurality of ultrasound signals representative of ultrasound
energy reflected from the target, adjusting the ultrasound
signals to focus the signals at the focus, and determining a
value of the metric for the target using the adjusted ultra-
sound signals.

[0058] By positioning a target at a plurality of known
positions and determining values of the metric for those
positions, a calibration function may be obtained. The ultra-
sound signals may be received from an ultrasound transmis-
sion. For each position, a plurality of values for the metric
for a given focus may be obtained by using multiple ultra-
sound transmissions and obtaining a value of the metric
from each transmission. Statistical data for the value of the
metric may be obtained. The calibration function may be
determined using statistical data, for example mean and
variance for the value of the metric.

[0059] There may be provided a method or system sub-
stantially as described herein with reference to the accom-
panying drawings.

[0060] Features in one aspect may be provided as features
in any other aspect as appropriate. For example, features of
a method may be provided as features of an apparatus and
vice versa. Any feature or features in one aspect may be
provided in combination with any suitable feature or fea-
tures in any other aspect.

DETAILED DESCRIPTION OF EMBODIMENTS

[0061] Embodiments of the invention are now described,
by way of non-limiting example, and are illustrated in the
following figures, in which:—

[0062] FIG. 1 is a schematic diagram of an ultrasound
imaging apparatus;

[0063] FIG. 2 is a schematic diagram of a simulated
transducer and simulated point source;

[0064] FIG. 3 is a flow chart of a calibration process
according to an embodiment;

[0065] FIG. 4 is a plot of a mean sharpness curve with
Lorentzian fit;

[0066] FIG. 5 is a plot of variance with Lorentzian fit;
[0067] FIG. 6 is a plot of three sharpness curves;

[0068] FIG. 7 is a flow chart of a process according to an
embodiment;

[0069] FIG. 8 is a plot of accuracy versus axial displace-
ment;

[0070] FIG. 9 is a plot of sharpness as a function of
displacement;
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[0071] FIG. 10 is a set of images of a point target;
[0072] FIG. 11 is a schematic diagram of a calibration
apparatus;

[0073] FIG. 12 is a set of images of a point target;
[0074] FIG. 13 is a plot of a sharpness curve with Lorent-

zian fit and standard deviation;
[0075] FIG. 14 is a plot of three sharpness curves, overlaid
with a plot of accuracy of z position;

[0076] FIG. 15 is a plot of axial FWHM assessment from
an RF signal,
[0077] FIG. 16 is a plot of axial FWHM assessment from

a point spread function;

[0078] FIG. 17 is a plot of system axial resolution com-
pared with axial resolution obtained using a sharpness
methodology.

[0079] An embodiment of an ultrasound imaging appara-
tus 2 is illustrated schematically in FIG. 1. A linear array
transducer 10 is configured to transmit energy into an object
to be imaged (for example, a part of the human or animal
body) and to receive ultrasound echoes from the object. In
other embodiments, any suitable transducer may be used to
receive 2D or 3D ultrasound data.

[0080] The received ultrasound echoes are digitized by an
analogue to digital converter (ADC) 12. The digitized ultra-
sound data is stored in memory 16.

[0081] The digitized ultrasound data is processed by a
processor 14 and the resulting processed data may also be
stored in memory 16, or in another memory. The processor
14 may be configured to perform beamforming of the
digitized echo data. In some embodiments, more than one
processor 14 may be used.

[0082] The ultrasound imaging apparatus 2 also includes a
screen 18 for the display of ultrasound images and one or
more user input devices 20 (for example, a keyboard, mouse
or trackball) for receiving input from a user of the ultrasound
imaging apparatus 2, for example a sonographer.

[0083] In the embodiment of FIG. 1 the ultrasound imag-
ing apparatus 2 is configured to obtain ultrasound data using
the linear array transducer 10 and to process that data. In
other embodiments, a separate processing apparatus (for
example, a workstation or general purpose computer) may
be used to process ultrasound data that has previously been
acquired by an ultrasound machine.

[0084] The ultrasound imaging apparatus 2 is configured
to perform super-resolution imaging of targets that may be
considered as point sources. The targets may be, for
example, contrast microbubbles.

[0085] The ultrasound imaging apparatus 2 is configured
to determine the position of a target by determining multiple
sharpness values for the target from a single ultrasound data
set, obtained from a single ultrasound transmission. The
different sharpness values are determined by beamforming
the ultrasound data using different focal points. The most
likely position of the target may be determined by compar-
ing the different sharpness values to curves of sharpness
versus position. In other embodiments, a metric other than
sharpness is used.

[0086] A method of determining position of a target from
multiple sharpness values obtained from a single ultrasound
transmission is now described with reference to a simula-
tion. A calibration method (described below with reference
to FIG. 3) is performed by placing a simulated target at each
of a plurality of positions in the axial (z) dimension and
calculating multiple sharpness values from the simulated
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data for each position. The simulation is repeated several
times with noise added to the simulation so that statistical
data may be obtained. The sharpness values are used to
create sharpness curves and probability density functions for
sharpness value versus position.

[0087] A position determination method (described below
with reference to FIG. 7) is then performed in which
positions of the target are estimated by maximum likelihood
estimation using the determined probability density func-
tions from the calibration method. The estimated positions
are compared to the actual positions for which the simula-
tion was performed, to determine an accuracy for the deter-
mination of position.

[0088] FIG. 2 is a schematic diagram showing the simu-
lated transducer 30 and point source 32. Although in the
diagram of FIG. 2 the point source 32 is represented by a
filled circle in the x and z plane, in the simulation the point
source 32 is a single point. FIG. 2 also shows x, y and z axes,
and a distance d between the simulated transducer 30 and
simulated target 32.

[0089] FIG. 3 is a flow chart that is representative of a
calibration method. Although FIG. 3 is initially described
with reference to simulated data, the process of FIG. 3 may
also be used for calibration of a method that may be used for
real data, for example for experimental data or medical
imaging data.

[0090] At stage 50 of the flow chart of FIG. 3, a simulated
target 32 is positioned at an initial position in relation to a
simulated transducer 30. In the present simulation, the
simulated target is a single point scatterer. The simulated
target may also be referred to as a phantom. Only one
simulated target 32 is used in this simulation. In other
simulations, or in embodiments using real data, multiple
targets may be present. Each target may be represented as a
point source.

[0091] It will be understood that the simulation is per-
formed as a computation using simulation software and that,
for example, references to positioning and to signals in the
following discussion refer to virtually positioning items in a
simulation, and to virtual signals generated by the simula-
tion. In the present example, the simulation is carried out
with Field II software, and Matlab scripts have been written
for data post-processing. Since the simulation software,
Field II, would produce identical results from repetitive
simulations, 10 dB white Gaussian noise is added to the raw
data to introduce a level of uncertainty.

[0092] In the present simulation, the transducer that is
simulated is a 7 MHz, 192 element, linear array transducer.
The spacing between the elements of the simulated trans-
ducer is 208 um, which is close to the ultrasound wave-
length, A. In this simulation, the wavelength A is 220 pm.
The speed of sound is set to 1540 m/s. Parameters of the
simulated ultrasound scan are given in Table 1.

Transducer
Transducer type Linear array
Transducer element pitch 208 pm
Transducer element kerf 35 pm
Transducer element height 4.5 mm
Centre frequency, f, 7 MHz
Bandwidth 60% fractional
Speed of sound, ¢ 1540 m/s



US 2018/0368810 A1l

-continued

Wavelength, A = ¢/f,
Excitation pulse

220 pm
Two-cycle sinusoid at fy
Plane wave emission

Hanning
Hanning
39 mmy40 mm/41 mm

Transmit apodization
Receive apodization
Receive focus depth

Number of transmitting elements 192
Number of receiving elements, M 192
Number of emissions 1

Particle movement

(%, z) = (0, 32.5) mm

(%, z) = (0, 47.5) mm

15 mm (axially only)
0.1 mm

Highest point

Lowest point

Total distance covered

z step between successive emissions

[0093] In the present simulation, the initial position of the
simulated target 32 is z=40 mm (distance d In FIG. 2 is 40
mm). The x and y coordinates of the simulated target 32 are
(x=0, y=0). The x and y coordinates of the simulated target
32 remain at (x=0,y=0) throughout the process of FIG. 3.
[0094] At stage 52, an ultrasound transmission is simu-
lated, in which a single unfocussed plane wave emission is
transmitted by the transducer 30 towards the target 32. In
this case, a single plane wave means that all transducer
elements are active in transmit. Each transducer element is
transmitting an unfocused sound wave.

[0095] The use of a single plane wave is in contrast to a
common ultrasound transmission which may involve a
group of active elements (a subset of the transducer ele-
ments) that transmit a focused beam. In the common ultra-
sound transmission, after a reception, the active aperture is
moved across the array and a new focussed beam is trans-
mitted. A final image results from combining all received
responses. In contrast, responses from a single plane wave
transmission may be used to form an entire image.

[0096] Using a plane wave transmission may be faster
than using successive emissions from different groups of
elements. An unfocussed beam may cover the whole image
region with only one emission, which may allow for a high
frame rate and multiple acquisitions.

[0097] Reflected ultrasound signals are received by each
element of the transducer 30. Raw data from the single
unfocussed emission is acquired for all 192 channels (192
transducer elements) individually in receive. Data acquisi-
tion is performed at a given sampling frequency. In the
present simulation, the ultrasound signal received by each
transducer element is a signal comprising 2000 samples.
[0098] The sampling frequency for the simulations is 100
MHz. In some circumstances, it may not be possible to reach
a sampling frequency of 100 MHz in an experiment but the
sharpness calculation described may not be substantially
affected by a lower sampling frequency. In the experiment
described below, the sampling frequency is 70 MHz.
[0099] Receive processing is then utilized to achieve
multi-focal data (for example, data that may be used to
create nulti-focal images). The transducer element signals
can be beamformed offline in multiple ways. One such
method is described below, in which received signals are
processed using a Delay-and-Sum beamformer. The signals
are time-delayed, weighted and summed to form a maxi-
mized beamformer output.

[0100] At stages 54a, 545 and 54c, the ultrasound data for
the target 32 positioned at 40 mm is beamformed using three
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different focal points in receive. At stage 54a, the ultrasound
data is beamformed with the first focal point. The first focal
point is x=y=0, z=39 mm. At stage 545, the ultrasound data
is beamformed with the second focal point. The second focal
point is x=y=0, z=40 mm. At stage 54c, the ultrasound data
is beamformed with the third focal point. The third focal
point is x=y=0, z=41 mm.

[0101] The transducer element signals are beamformed
using a Delay-And-Sum beamformer. The input to the
Delay-and-Sum beamformer is a matrix of 192x2000
samples (signals received by 192 elements, with each
received signal comprising 2000 samples).

[0102] In the Delay-and-Sum beamformer, the signals are
time-delayed to account for the fact that different elements
are different distances from the focal point.

[0103] For M receive elements numbered from m=0 to
m=M-1, a time delay of t,, is the time delay applied to the
mth receiving element. The time delay applied to each
receiving element depends on the distance of the receiving
element from the focal point.

[0104] Each time delay may be calculated using the equa-
tion below:
rp Sin Oy (Equation 1)
Ty € ————

4

[0105] r,, is the position of the focal point. ¢ is the speed
of sound. 8, is an angle formed by the mth element, the
central element, and the focal point.

[0106] In the present simulation, apodization weights are
also used to alter the shape of the beam and account for the
array being finite. Apodization weights may have the effect
of reducing sidelobes. In the present simulation, Hanning
weights are used. Any appropriate apodization weights may
be used.

[0107] The beamformer output, B(t) for an array probe
with M active elements in receive may be extracted by:

B()=Z, g™ iy (0, (1T, = w(DF X () (Equatien 2)

where t is the time index, w(O)=[w,(0),w, (1), . . ., W, (O]
is the vector of the apodization weights, X()=[x, (t-To),
X, (t=1,). . . ., X, (t=T,, )7 is the array of the transducer
element signals, and T, is the time delay applied to the mth
receiving element, based on its distance from the focal point.

[0108] It can be seen from Equation 1 and Equation 2 that
B(t) can be calculated for any focal point r,. Bquations 1 and
2 can be implemented separately for any <, thus foci in
receive. Three (or any number of) different receive foci can
be implemented. Three different receive foci will result in
three different beamformer outputs that are capable of
subsequently being processed to produce different images of
the same object.

[0109] The output of the beamformer is a set of samples,
each corresponding to a specific (%, z) position. The matrix
of samples returned by the beamformer has the same dimen-
sions as the matrix of samples that is input to the beam-
forming equation, i.e. 192 points in x by 2000 points in z.
[0110] The total x range for which the beamformed data is
calculated is the same as the lateral extent of the linear array
transducer. In this simulation, the lateral extent of the
transducer is 4 cm. Samples are determined for x values
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corresponding to the x positions of the elements of the
transducer, i.e. for 192 equal steps in x ranging from -2 cm
to +2 cm.

[0111] The number of samples in the z direction depends
on the sampling frequency with which the ultrasound data is
acquired (since position in the z direction corresponds to
time). In the present simulation, there are many more
samples axially than laterally.

[0112] A Hilbert transform, which is an envelope detec-
tion, 1s performed for each sample to obtain an amplitude for
that (x, z) position. The amplitude of the sample is the
envelope value of the sample.

[0113] The time delays applied in Equation 2 are different
for the three focal points of stages 54a, 546 and 54¢ since the
time delays are dependent on the distances of the elements
from the focal point. The apodization weights are the same
for stages 54a, 54b and 54c.

[0114] Stages 54a, 54b and 54¢ may be performed simul-
taneously or sequentially. Stages 54a, 54b and 54c are all
performed on the same data (the data received from the
simulated transmission of stage 52). The output of stages
54a, 54b and 54c is first, second and third sets of beam-
formed data. Each set of beamformed data has undergone a
Hilbert transform. Each set of beamformed data comprises
a set of samples for a plurality of (x, z) positions, each
sample having an associated amplitude value which is the
envelope value at that sample.

[0115] Tt is possible to create an image from the beam-
formed data on which the Hilbert transform has been pet-
formed. However, in the present method, the data used in
subsequent steps of the process of FIG. 3 is data as obtained
after the Hilbert transform, which may be described as raw
data, and is not further processed to form an image.
[0116] If an image is to be generated and/or displayed, the
set of beamformed data after the Hilbert transform may
undergo logarithmic compression to reduce its dynamic
range. The logarithmically compressed data may be dis-
played as an image, for example as a Matlab figure. In order
to save an image, it may be converted into square pixels.
Interpolation or conversion of the data may be performed.
The data may be converted into any suitable image format.
[0117] Turning again to the flow chart of FIG. 3, at stage
56 a sharpness value for each of the three sets of beam-
formed data (one data set per focal point) is evaluated. The
sharpness value used in the simulation is a value for a
particular sharpness metric, as described below. In other
simulations or embodiments, a different sharpness metric
may be used, or a metric that does not measure sharpness,
for example a metric related to contrast or intensity.
[0118] In general, a sharpness metric may be a single
metric that describes the total aberration in a system. A
sharpness metric may be maximal where the aberration is
minimal. A sharpness metric may be strongly dependent on
defocus. A value for the sharpness metric may fall rapidly as
defocus is increased. A sharpness metric may reach its
maximum value for an in-focus image. A number of different
ways to assess the sharpness function are available. The
definition of a sharpness metric may be, at least in part,
dependent on an application for which the sharpness func-
tion is used.

[0119] A region around the target 32 is selected. In the
present simulation, the region is a square in (X, z) around the
target 32. The square has dimensions of 2.3 mmx2.3 mm. A
square of this size may correspond to using signals from 5
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elements on either side of the point target (11 signals in
total). In other examples, any shape of selected region may
be used, for example a rectangular, square or circular region
of any appropriate size. The size of the selected region may
be such as to contain the main lobe of the point target. The
selected region may be centred on the point target.

[0120] Samples that are within the selected region are used
for the evaluation of sharpness. The same region is selected
for each of the three sets of beamformed data (one set of
beamformed data for each focus point). The data samples
used for the evaluation of the sharpness are raw data, i.e.
data that has been obtained after beamforming and the
Hilbert transform, and has not been compressed or interpo-
lated. The data samples are samples from the sets of beam-
formed data as output from stages 54a, 545 and 54¢ above.
[0121] In optics, image sharpness may be obtained from
image pixel intensities. Image sharpness may in some cit-
cumstances be estimated by summing the squared values of
each pixel and then normalized by dividing by the squared
sum of all pixel intensities. In optical applications, sharpness
may in some circumstances be defined for a region including
a point source as the sum of the square over all pixels of the
region, biased by the pixel value and normalized by total
pixel values over the region. The bias term may account for
low photon count in optical data.

[0122] In ultrasound imaging, it is possible to access the
data from which an ultrasound image may be formed (for
example, the sets of beamformed data that are the output of
stages 54a, 54b and 54c¢). In this simulation, sample ampli-
tudes are used for calculation of sharpness instead of pixel
intensities.

[0123] Image intensity may be generally proportional to
the square of signal amplitudes. The sharpness metric used
in optics may be proportional to the square of pixel values.
[0124] In the present calculation, amplitudes of the
received transducer elements are used (instead of image
intensity). The sharpness metric may be proportional to the
fourth power of signal amplitudes.

[0125]
used is:

In the present embodiment, the sharpness metric

S=E TE S B

[0126] S is the normalized sharpness calculated from the
RF data. The samples in the selected region are numbered as
k=1to q. B, is the squared envelope value of the kth sample.

[0127] In other embodiments, the sharpness calculation
may be performed before the envelope detection. However,
sharpness curves may be smoother if the sharpness values
are calculated after envelope detection.

[0128] The sharpness value for each of the three sets of
beamformed data (each having a different focal point) is
determined using Equation 3 for the samples in the selected
region. Three sharpness values are obtained at stage 56, with
each sharpness value being associated with a respective
focal point.

[0129] At stage 58, the simulation determines whether
there are axial positions of the target for which measure-
ments have not yet been made. Since the only axial position
for which measurements have been made is the initial
position of z=40 mm, a new iteration of the simulation is
created in which the position of the target 32 is moved by a
7z increment in the direction away from the transducer 30.
The z increment is 0.1 mm.

(Equatien 3)
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[0130] At a second iteration of stage 52, a further ultra-
sound transmission is simulated with the target now posi-
tioned at z=40.1 mm. At the second iteration of stages 54a,
545 and 54c the data from the further ultrasound transmis-
sion is beamformed using first, second and third receive foci
at 7=39 mm, 40 mm and 41 mm and an envelope detection
is performed to obtain first, second and third sets of beam-
formed data. At the second iteration of stage 56, values of
sharpness are evaluated for each of the receive foci using
Equation 3.

[0131] The region on which the sharpness is calculated in
the second iteration of stage 56 may be different from the
region which was selected for the sharpness calculation at
the initial position in the first iteration of stage 56. The
region on which the sharpness is calculated may be shifted
in z such that the selected region is centred on the new z
position of the target 32.

[0132] At this point in the process of FIG. 3, three values
of sharpness are known for a target position of z=40 mm,
and three values of sharpness are known for a target position
of z=40.1 mm.

[0133] The process moves to a second iteration of stage
58. The simulation determines that there are more depths (z
positions) for which sharpness is yet to be calculated. The
process passes to stage 60 again and a new simulation is
created with the target 32 positioned at z=40.2 mm. Stages
52 to 56 are repeated for the new z position.

[0134] Stages 52 to 60 are repeated with increasing values
of z until a position of 47.5 mm is reached. Stages 52 to 60
are then repeated with decreasing values of z from 39.9 mm
to 32.5 mm.

[0135] Inall, stages 52 to 58 are repeated for 151 steps, i.e.
151 different z positions, each separated by a step of 100 pm.
A single point scatterer is moved across the axial direction
with a controlled step, and raw scatter data for each position
is captured. The process is repeated until the scatterer covers
a distance of several millimetres.

[0136] There are 151 simulated acquisitions overall with
the point target 32 covering a distance of exactly 15 mm. For
each acquisition the data are beamformed with three differ-
ent foci in receive. The central receive focus has been
selected with a depth of 40 mm, that is, at the target’s initial
position. The other two values for the receive focus are at -1
mm and +1 mm of the starting depth.

[0137] All sharpness values plotted together over the point
total displacement may create three sharpness curves. At
stage 62, sharpness curves are extracted from the sharpness
data that has been acquired for the 151 z positions at which
the target 32 was positioned.

[0138] A set of three normalized sharpness values is
calculated from each of the 151 acquired data sets, leading
to the generation of three sharpness curves (which may also
be called S-curves).

[0139] One S-curve is generated for each focal point,
using the normalized sharpness values calculated from each
of the 151 acquired data sets. The S-curve for a given focal
point relates sharpness value to target position. The S-curve
may be represented by a plot of sharpness value versus target
position for that focal point. A Lorentzian function is fitted
to each of the S-curves.

[0140] At stage 64, the simulation determines whether
more frames are required. If so, at stage 66 it instructs the
process to be repeated, and the process returns to stage 50.
Stages 50 to 62 are repeated as described above. Further sets
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of beamformed data are produced, and further sharpness
values are obtained for 3 focal points at each of 151
positions. The further sharpness values are used to produce
further S-curves.

[0141] In this case, the simulation is repeated such that it
is performed 5 times in total. Field II would produce
identical results if the simulation were repeated exactly. To
introduce a level of uncertainty, 10 dB white noise is added
to the raw data. Therefore, each repetition of the simulation
may return somewhat different results. By adding noise to
the simulation, it is possible to extract mean S-curves and
their variance as described below. The mean and variance
may then be used in MLE (maximum likelihood estimator)
analysis.

[0142] At stage 68, for each of the three focal points, the
processor 14 extracts a mean S-curve from the repetitive
measurements (5 iterations, each providing sharpness values
for 151 z positions). For each position, 5 different values of
sharpness have been obtained for a given focal point. A
mean sharpness value is calculated for the position, which is
the mean of the 5 sharpness values. A mean S-curve is
calculated for each focal point. The mean S-curve is a curve
of mean sharpness value versus target position. A Lorentzian
fit is then applied to the mean curves. The Lorentzian
function may be a good approximation of the S-curve peak.
[0143] FIG. 4 is an example of a single S-curve having a
receive focus at 40 mm. The single S-curve is a mean
S-curve for a single focal point (40 mm). Normalized
sharpness values are plotted against the total displacement
(illustrated as d in FIG. 2) of the target. Each mean sharpness
value is represented as a point on FIG. 4.

[0144] FIG. 4 also shows the Lorentzian fit (line 100) of
the mean S-curve that is illustrated in FIG. 4. The correlation
coefficient between the mean S-curve and the Lorentzian fit
is 0.99.

[0145] The value of the sharpness metric changes when a
single scatterer moves closer or away from focus. It may be
seen from FIG. 4, which has a focal point at 40 mm, that the
sharpness value peaks at the focal point and falls off as the
target 32 moves further away from the focal point.

[0146] At stage 70, for each focal point, the simulation
determines a variance of the sharpness values for each
position. Stage 70 may occur at the same time or before or
after stage 68.

[0147] FIG. 5 is a plot of the sharpness variance of the
S-curve of FIG. 4. Variance is plotted over the total dis-
placement d of the target. A Lorentzian function is fitted to
the variance. The Lorentzian fit to the variance is shown as
line 102. The correlation coefficient between the variance
curve and the Lorentzian fit is 0.78.

[0148] The sharpness variance demonstrates that, with the
addition of noise, Field II data from successive simulations
is similar but not identical. It may be seen that higher values
of variance are present around the S-curve peak, and lower
values of variance are present closer to the edges of the
curve.

[0149] FIG. 6 shows three sharpness curves for Field 1T
data of a point scatterer target 32 moving in depth. Each
curve has been generated after beamforming the same data
with a different focus in receive.

[0150] It may be seen that, at least for depths around the
initial position at 40 mm, a target at a given depth is likely
to have a different sharpness value when beamformed with
each focal point. For example, a target positioned at 39 mm



US 2018/0368810 A1l

may have a sharpness value of 6.68x10~ when bearmnformed
with a focal position of 39 mm, a sharpness value of
5.18x107* when beamformed with a focal position of 40
mm, and a sharpness value of 3.64x10~> when beamformed
with a focal position at 41 mm.

[0151] The mean S-curves generated at stage 68 and the
variances calculated at stage 70 are used as inputs to stage
72.

[0152] At stage 72 the simulation interpolates the Lorent-
zian fits of the mean S-curves and variance to a large number
of z positions. In the present simulation, the Lorentzian fits
of the mean S-curves and variance are interpolated by a
factor of 1000. The interpolation is performed using the
Matlab spline interpolation function.

[0153] At stage 74, for each focal point, the interpolated
Lorentzian fits of the mean S-curve and variance for that
focal point are used in the estimation of a probability density
function (PDF) for that focal point.

[0154] Data from all of the repetitive simulations are used
in the estimation of the PDFs. Each probability density
function, P(S,17), is the probability that a specific normalized
sharpness value, S, will be measured from the raw ultra-
sound data of a point source located at depth z, where j
denotes the focus in receive.

[0155] A Gamma distribution is selected for the PDF. The
Gamma distribution may fit well with the Lorentzian shaped
S-curves and their variance. The interpolated Lorentzian fit
for the mean sharpness and the interpolated Lorentzian fit
for the variance are inserted into the selected Lorentzian-
Gamma PDF (see Equation 4 below).

[0156] For each focal point, the PDF for that focal point is
given by:
ef% 37_1 e (Equation 4)
P6;10 = —Fs

[0157] where a=S*(2)/5;” and p=0,"/S *(2).

[0158] S(z) represents the interpolated Lorentzian fit for
the mean S-curve for the jth focal point. sz represents the
interpolated Lorentzian fit for the variance for the jth focal
point. S(z) and Ejz are each extracted from the repetitive
simulations. P is the Gamma function.

[0159] At stage 76, the process of FIG. 3 returns a set of
PDFs. One PDF is returned for each focal point. For
example, in the present simulation, three PDFs are returned.
Each PDF expresses, for a given focal point, a probability or
likelihood that a given sharpness value results from a given
Z position.

[0160] The PDFs may be used to determine a z position of
a target from its sharpness values (for example, as described
below with reference to FIG. 7). The objective of the
position determination method is to provide a unique esti-
mate for each point scatterer position. The estimate may
have increased accuracy since each position may be char-
acterized by three distinct sharpness values.

[0161] If only a single S-curve were available, there may
be an ambiguity in determination of position from that one
S-curve, since typically two positions may return the same
sharpness value. By using multiple S-curves, position may
be uniquely determined for some range of position.

[0162] The accuracy of the estimation is determined and
an error is extracted. In the simulation, all z positions are
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known because they are required in order to set up the
simulation. However, the method of FIG. 7 is used to
determine an estimated position for the target in each
acquisition by using the multiple sharpness values obtained
by beamforming with different focal positions. The esti-
mated position of the target is then compared to the actual
position of the target in the simulation to determine an
accuracy for the method of position determination.

[0163] A set of three sharpness values as measured from
one single acquisition are given as inputs to the algorithm of
FIG. 7. The three sharpness values are those obtained for
each of the three focal point by the simulation. The output
of the algorithm of FIG. 7 is a prediction of depth position,
which may be described as a depth estimation. The output
position may be the depth for which the PDF presents its
maximum value.

[0164] FIG. 7 is a flow chart which is representative of a
process of determining a position of a target from sharpness.
The process of FIG. 7 is performed using multiple sharpness
values from a single acquisition, which have been obtained
by beamforming the data from that acquisition with different
focal points.

[0165] At stage 110, the process of FIG. 7 receives a set of
three sharpness values as input. The three sharpness values
have been obtained from a single set of ultrasound data by
beamforming the data with three different receive foci (as
described above with reference to stages 54a, 54b, 54c and
56).

[0166] At stage 112, a maximum likelihood estimator
algorithm is used to determine a value of z from the three
sharpness values that were input at stage 110.

[0167] Since the sharpness calculations for each receive
focus do not depend on each other, the probability for the set
of N sharpness measurements for all receive foci when a
point source is located at z can be expressed as:

LSLSs - - - Sylr)=I1,_,P(S;z)

[0168] where L is the likelihood for the set of sharpness
measurements S, S, S, and N is the number of receive foci
used. The PDFs, P(S,|z), have been determined using the
process of FIG. 3.

[0169] The maximum likelihood estimator of the point
depth, z, is the value of z for which L is maximised given an
actual dataset S, S,, . . ., Sy and the calibration PDFs,
P(S,lz). The three sharpness values that were input at stage
110 are used as input for any suitable maximum likelihood
estimator, to maximise the likelihood L as defined in Equa-
tion 5.

[0170] At stage 114, the process returns the value of z for
which L is maximised. The value of Z for which L is
maximised may be described as an estimated depth. The
estimated depth is compared with the actual depth that is
already known since the movement of the point is deter-
mined by the simulation setup.

[0171] Since the sharpness values are interpolated, the z
step 1s modulated accordingly and divided by 1000, taking
the value of 0.1 um. The S-curves and variances were
interpolated at stage 72 so that a value for each S-curve and
variance is available at steps of 0.1 pm despite only having
been calculated at steps of 0.1 mm in depth. The maximum
of each PDF will correspond to a depth position of the
updated depth vector using the new z step (in which steps of
0.1 pm are used). As a result, the error of the estimated depth
may be in the order of a tenth of a micron.

(Equaticn 5)
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[0172] The process of FIG. 7 is repeated for each set of
simulated data. For each set of simulated data, the multiple
sharpness values obtained by beamforming at multiple focal
points are used to determine the depth of the target point
(without using the knowledge of the depth of the target point
from the simulation setup).

[0173] Depth estimations for all 151 datasets (all 151
particle positions) are extracted and then compared with
ground truth (the scatterer positions for which the simulation
was performed).

[0174] In FIG. 6, the three mean S-curves are plotted over
displacement. It may be seen that, for z positions around the
central point of 40 mm, each set of three sharpness values
may be used to uniquely identify a z position.

[0175] In the simulation illustrated, the uncertainty intro-
duced in the Field I simulation was relatively high. There is
some oscillation in the S-curves as a result of the relatively
high uncertainty. In some experimental data and/or in simu-
lation data using a lower uncertainty, no oscillation or a low
level of oscillation may be present in the S-curves (for
example, see the experimental S-curves described below
with reference to FIGS. 13 and 14, for which no oscillation
was noticed).

[0176] The absolute difference between the estimated
point value (estimated using the maximum likelihood esti-
mator of FIG. 7) and the real point position (as set in the
simulation) is plotted in FIG. 8. The actual position of the
point target is known because it is defined when creating the
phantoms. The absolute difference between the estimated
and real point position may be considered to be represen-
tative of the accuracy of the proposed method.

[0177] A central region of FIG. 8 of approximately 4 mm
(from 38 mm to 42 mm) is indicated by arrow 120. In this
central region, the localization error (the difference between
the estimated and real point position) is 28.6 um. A value of
28.6 um is nearly an order of magnitude lower than the
wavelength in the simulation, which is 220 pm.

[0178] The accuracy is higher for the displacement region
that is around the peaks of the S-curves than for regions of
displacement that are not around the peaks of the S-curves.
[0179] From the simulated data, the algorithm does not
appear to provide accurate estimates around both ends of the
target’s displacement in z (for example for positions above
43 mm or below 37 mm). A reason for the difference in
accuracy may be that, for positions at the ends of the
displacement, such as above 43 mm or above 37 mm in the
present example, there may not be a significant difference
between two neighbouring sharpness values. There may be
only a small difference between the sharpness values of two
curves, or between the sharpness values of all three curves.
A more substantial difference between the sharpness values
of the curves may allow the position of the scatterer to be
better determined, and may allow for better performance of
the method.

[0180] Three or more simultaneous sharpness values may
be extracted for each depth position of a moving target.
Those values plotted together form the sharpness curves
from which a high accuracy estimate of all those positions
may be extracted. The depth resolution achieved reaches
28.6 um (0.130) for a 4 mm range of the total point
displacement.

[0181] Using the simulation, it is demonstrated that sub-
diffraction limit axial resolution for point sources may be
obtained. An ultrasound imaging technique providing sub-
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diffraction-limit axial resolution for point sources has been
proposed. It is based on simultaneously acquired multi-focal
data from the same object, and on the metric of sharpness.
A linear array probe is used to scan a point scatterer phantom
that moves in depth with a controlled step. From the
beamformed responses of each scatterer position the image
sharpness is assessed. Values from all positions plotted
together form a curve that peaks at the receive focus, which
is set during the beamforming. Selection of three different
receive foci for each acquired dataset will result in the
generation of three overlapping sharpness curves. A set of
three curves combined with the use of a maximum-likeli-
hood algorithm may then be able to estimate with high
precision each depth location. Estimated values are com-
pared with ground truth, demonstrating that an accuracy of
28.6 um (0.133) is achieved for a 4 mm range around the
peaks of the curves.

[0182] The simulation above is described with reference to
three focal points, and hence three S-curves. A greater
number of S-curves may be used. For example, a number of
overlapping S-curves may be used that covers axially a
whole image. For example, for an image that extends from
20 mm to 60 mm axially, an S-curve may be calculated for
focal points at 2 mm intervals across a range from 20 mm to
60 mm, or from 22 mm to 58 mm. Any suitable increment
in focal point position may be used. The S-curves may be
determined for focal points that are positioned such that, for
every axial position in the desired image. there are at least
two (or more) S-curves that have distinctly different values
for the sharpness of that axial position.

[0183] Increasing the number of overlapping S-curves (for
example, by beamforming the signals with a greater number
of focal points) may increase the range of positions for
which position determination may be provided with high
resolution. Increasing the number of overlapping S-curves
may increase the high-resolution range and/or reduce the
uncertainty of the position estimates.

[0184] A single signal dataset (or image) may be charac-
terised by a set of several sharpness values. In ultrasound, all
of the sharpness values may be obtained from the same
initial data set. It may be straightforward to obtain several
sharpness values for a given data set since the receive data
may be beamformed accordingly. Any desired number of
sharpness values may be obtained from the same data. Any
number of S-curves may be formed. The same calibration
data may be used to form different S-curves.

[0185] In this simulation, the variance extracted from the
simulated ultrasound data is only based on the addition of
noise to the raw signals. In other simulations or embodi-
ments, a different fit (for example, not a Lorentzian fit) may
be used. An alternative way to produce interpolated mean
S-curves and extract statistical measures may be adopted.
[0186] A calibration method may be generated in order to
address the particle location. The method of FIGS. 3 and/or
7 may be modified for use in a real tissue environment where
strong aberrations may provide a variable and unpredictable
point spread function.

[0187] FIGS. 9 and 10 show additional data derived from
Field II simulations. FIG. 9 shows normalized sharpness
plotted over axial displacement for a Field II simulated point
target, moving across the z-axis (depth). In this example,
each sharpness value is assessed in every position, and all
the values plotted together create a sharpness curve
(S-curve). Sharpness takes higher values as the point source
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moves closer to an initial position where the focus is located,
and decreases again when moving away from it.

[0188] FIG. 10 shows the PSFs of a single point scatterer
as a function of point displacement. A point target is imaged
as a function of axial displacement from an initial position
(0 mm, represented by column 94). Each image corresponds
to an area of 10 mmx10 mm. The same dataset has been
beamformed with three different foci in receive, with a 2 mm
separation between each two foci. Rows 80, 81 and 82 are
representative of first, second and third foci. Columns 90 to
98 are representative of displacement of the target in 1 mm
increments from -4 mm to 4 mm. A 60 dB dynamic range
display is used. It may be seen that for each row, the target
1s best focused when the position of the target coincides with
the position of the focal point.

[0189] The flowcharts of FIGS. 3 and 7 have been
described above in the context of simulation. An experiment
has also been performed in which multiple sharpness values
from a single set of ultrasound data are used to determine the
depth of a target.

[0190] An apparatus used to perform calibration is illus-
trated in FIG. 11. The apparatus comprises an AIMS auto-
mated scanning tank 146. The automated scanning tank 146
comprises a tank 144 that is filled with water. A wire target
140, which is representative of a point source, is inserted
into the scanning tank 144. The wire target 140 may be
positioned in X, y and z coordinates (as indicated in FIG. 11)
by positioner 148. Positioning of the wire target 140 is
controlled by a control processor (not shown).

[0191] Alinear array probe 142 is mounted in the tank 144
and may be positioned by a further positioner. In operation,
the linear array probe 142 is used to scan the wire target 140.
The wire target 140 is moved from an initial position across
the z dimension and is imaged for every displacement.
[0192] In the present embodiment, the linear array probe
142 is a 7 MHz, 192 element linear array transducer. In this
particular case, the linear array is a 7 MHz BK8804 trans-
ducer. In other embodiments, any suitable transducer may be
used. The transducer may be, for example, a linear array or
2D array. Any suitable ultrasound frequency may be used,
for example any frequency between 1 and 18 MHz.
[0193] A temperature probe 149 monitors the temperature
of the water in the tank 144.

[0194] The wire target 140 is a custom single-wire phan-
tom. The diameter of the wire is 0.07 mm.

[0195] The wire target 140 has the ability to be moved in
all directions with accuracy, using the positioner 148. In the
experiment, the x and y coordinates of the wire target 140
are kept fixed. The initial z position of the wire target 140 is
at 40 mm from the surface of the transducer 142 and the wire
target 140 is moved to other z positions. In other embodi-
ments, the wire target 140 may be moved in x and/or y
and/or X coordinates.

[0196] The transducer 142 is connected an ultrasound
scanner (not shown). In the present embodiment, the ultra-
sound scanner is the 1024 channel experimental ultrasound
scanner SARUS (Synthetic Aperture Real-time Ultrasound
System). Measurements are performed using SARUS. Mat-
lab scripts are used for data post-processing.

[0197] FIG. 12 shows PSFs (150 to 154) corresponding to
maximum, minimum and zero displacements for both ends
of the range of movement. Image 150 is representative of
maximum negative displacement (-7.5 mm or a depth of
32.5 mm). Image 151 is representative of a displacement of
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-7.5/2. Image 152 is representative of O displacement.
Image 153 is representative of a displacement of +7.5/2.
Tmage 154 is representative of a displacement of +7.5 mm
(which is the maximum positive displacement at 47.5 mm
depth). Each image includes an area of 6 mmx6 mm and a
60 dB dynamic range is used. The SARUS scanner is used
for all acquisitions.

[0198] The speed of sound in the tank is measured to be
c=1484 m/s. The wavelength used is 212 um. The z step by
which the wire target 140 is moved between successive
emissions is 108.7 um. The focuses used are 38 mm, 40 mm
and 42 mm. Other experimental setup parameters are the
same as provided in Table 1. In other embodiments, any
suitable values for each of the parameters may be used.
[0199] To perform a calibration for a particular focal point
(for example, a focal point at 40 mm), the phantom wire
target 140 is moved to a succession of positions in an axial
(z) direction, and data for each of the axial positions is
beamformed with a focus at the particular focal point. A
sharpness value is obtained for the beamformed data at each
axial position.

[0200] In practice, the calibration for several focal points
may be performed from one set of positions of the phantom,
since sharpness values for multiple focal points may be
obtained from each set of ultrasound data.

[0201] A method of calibration using the apparatus of FIG.
11 is described with reference to the flow chart of FIG. 3.
The transducer 142 is used to scan the custom single-wire
phantom positioned inside the scanning tank 144.

[0202] At stage 50 of FIG. 3, the wire target 140 is
positioned at an initial position. In the present embodiment,
the initial position is 740 mm. The x and y coordinates
remain at (0,0) throughout the process of FIG. 3.

[0203] At stage 52, a single unfocussed plane wave emis-
sion is transmitted by the transducer 142 towards the wire
target 140. Transmission of ultrasound is performed through
a single plane wave using all the transducer elements as the
transmitting aperture. Reflected ultrasound signals are
received by each element of the transducer 142. The signals
received by each element of the transducer are amplified,
digitized by an ADC 12 and stored in a memory 16 as a set
of ultrasound data. Raw ultrasound data from the single
unfocussed emission is acquired from all 192 channels (192
transducer elements) individually in receive. In this experi-
ment, the sampling frequency is 70 MHz. In other embodi-
ments, any appropriate sampling frequency may be used.
[0204] After emission the data are stored. Although in the
present embodiment, sharpness values are calculated after
each emission, in other embodiments data from multiple
emissions may be stored and some or all of the data may be
beamformed after all the emissions and data acquisitions
have been performed.

[0205] In ultrasonics, it is common to utilize the focus in
receive as the element signals can be stored after the
transmission, and beamformed offline in multiple ways. A
standard way to process the received transducer element
signals is the Delay-and-Sum (DAS) beamformer as used in
this embodiment. However, in other embodiments any other
appropriate beamformer may be used. Data may be beam-
formed offline at any time after the acquisition of the data.
[0206] At stage 54a, the ultrasound data is beamformed at
a focal point of (x, y, z)=(0, 0, 38 mm). At stage 54b, the
ultrasound data is beamformed at a focal point of (%, v,
z)=(0, 0, 40 mm). At stage 54¢, the ultrasound data is
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beamformed at a focal point of (x, v, z)=(0, 0, 42 mm). The
signals are time-delayed, weighted and subsequently
summed to form the maximized beamformer output B(t) as
given in Equation 2.

[0207] In other embodiments, different focal points may
be used. The focal points may differ from each other in x
and/or y coordinates in addition to, or instead of, differing in
z coordinate.

[0208] The data resulting from each beamforming step
comprises a plurality of samples. An envelope detection (in
this case, a Hilbert transform) is performed for each sample.
In other embodiments, a different envelope detection may be
used. The output of the envelope detection is an amplitude
for each of the samples.

[0209] Sharpness is derived from the amplitudes of the
received transducer elements after the Hilbert transform, i.e.
envelope detection, is performed. By determining sharpness
using the amplitudes of the beamformed signals rather than
by using pixel intensities of an image, distortions from
image format conversions may be avoided.

[0210] At stage 56, the processor 14 selects a region
around the wire target 140 for which to calculate sharpness.
(In the present calibration method, the position of the wire
target 40 is known and the region is selected based on the
known position.) For each set of beamformed data (one for
each focal point), the processor 14 calculates a sharpness
value using Equation 3 for the samples within the selected
region. The output of stage 56 is the three calculated
sharpness values.

[0211] At stage 58, the control processor determines
whether there are axial positions for which measurements
have not yet been made. At stage 60 the wire target is moved
to the next location in the axial direction using the AIMS IIT
positioning setup. The control processor controls the posi-
tioner 148 to move the wire target 140 by 108.7 um to the
next location, which is at z=40.1087 mm.

[0212] The positioning setup including positioner 148 has
a minimum movement step equal to 1/92 mm=10.87 pm.
The ratio 1/92 is attributed to a stepper motor system that is
used to position the wire target 140 in the tank 144. The
stepper motors drive the positioner 148 through reducing
gear heads, which rotate pinions against a precision rack.
The resulting position resolution is thus at maximum 10.87
um, but may take lower value (higher precision).

[0213] In the present embodiment, the z axis step that is
used is 10 times the minimum z axis step, hence 108.7 pm.
In other embodiments, any integer multiple of the minimum
7 axis step may be used. Different positioners may be used.
The minimum z step may be of a different size. In the present
embodiment, it is found that the positioner 148, if moved up
and down with the required z step several times, returns to
the initial position with nanometric accuracy.

[0214] Once the wire target 140 has been repositioned at
7=40.1087 mm, stages 52 to 60 are repeated. Stages 52 to 60
are repeated with z increasing by 108.7 um each time until
a position of 47.5 is reached. Stages 52 to 60 are then
repeated with decreasing values of z from 40 mm to 32.5
mm.

[0215] Inall, stages 52 to 58 are repeated for 139 steps, i.e.
139 different z positions, each separated by a step of 108.7
pm.

[0216] At stage 62, sharpness curves are determined for
each of the three focal points using the data from the 139
position steps. In alternative embodiments, no sharpness
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curves are determined at stage 62, and the sharpness values
generated at stage 56 are used directly to generate the mean
sharpness curves at stage 68 as described below.

[0217] At stage 64. the control processor determines
whether more frames are required. In the present embodi-
ment, the moving of the wire target 140 through the 139 z
positions is performed 10 times in total to provide statistical
data. Therefore at the first instance of stage 64, the process
passes to stage 66 (repeat process) and then iterates through
stages 50 to 64 as described above for 9 additional times. In
other embodiments, any number of repetitions may be used.
The repeated data may be used to provide an error assess-
ment so that the accuracy of a position estimation for the
wire target is determined.

[0218] 10 frames are acquired for each position of the wire
target 10 and as a consequence 10 S-curves can be formed
for each receive focus. From the multiple frames it is
possible to extract the S-curves and their associated vari-
ance.

[0219] At stage 68, the processor 14 extracts a mean
S-curve for the 10 frames. At stage 70, the processor 14
extracts a standard deviation for the data from the 10 frames.
The Lorentzian function may be a good approximation of an
S-curve peak. The standard deviation has higher values
around the peak of a curve and lower at the edges.

[0220] FIG. 13 is a plot of a mean S-curve 160 for a single
focal point (derived from repeated measurements). A stan-
dard deviation 162 is provided at each of a selected set of
points. Position is shown as axial displacement in millime-
tres relative to the receive focus. For this curve, the receive
focus is at z=40 mm. Therefore the zero of displacement is
at z=40 mm. A Lorentzian function 164 has been fitted to the
mean &-curve. The peak of the curve is located at the
position of the receive focus.

[0221] FIG. 14 shows a set of three S-curves 170, 172, 174
that are obtained from data for a wire target 140 moving in
depth. The data from which the S-curves are generated are
acquired using the SARUS scanner. Each of the S-curves
170, 172, 174 is obtained from the same ultrasound data
from a single ultrasound transmission. Each curve is
obtained after beamforming the same ultrasound data with a
different focus in receive. Curve 170 is obtained for a focal
point at z7=38 mm. Curve 172 is obtained for a focal point at
7=40 mm. Curve 174 is obtained for a focal point at z=42
mm. Axial displacement is indicated relative to z=40 mm.
[0222] It may be seen that for each focal point, the
sharpness value peaks when the wire target 140 is located at
the focal point. It may be expected that sharpness value will
peak when the target is at the focal point, since sharpness
value may be used as a measure of focus.

[0223] The mean S-curves generated at stage 68 (one
mean S-curve for each focal point) and the standard devia-
tions calculated at stage 70 are used as inputs to stage 72. At
stage 72 the processor interpolates the mean sharpness
values and standard deviations, which were originally
obtained for 139 z positions, to a larger number of z
positions. In the present embodiment, the statistical mea-
sures (mean sharpness values and standard deviations) are
interpolated by a factor of 1000 using the Matlab spline
interpolation function. In other embodiments, any interpo-
lation factor and/or method of interpolation may be used.
[0224] At stage 74, the processor 14 inserts the interpo-
lated mean S-curve and interpolated standard deviation into
Equation 4 to determine PDFs for each of the focal points.
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[0225] In the simulation described above, a Lorentzian fit
of the mean S-curve and variance was used in the determi-
nation of the PDFs. In the experiment now described, an
interpolated version of the mean and variance data is used in
the determination of the PDF, instead of using an interpo-
lated version of the Lorentzian. S(z) in Equation 4 now
represents the interpolated mean S-curve for the jth focal
point. Ejz represents the interpolated variance for the jth
focal point. As the Lorentzian fit may not be a perfect match
to the mean and variance curves, using an interpolated
version of the mean and variance curves rather than an
interpolated version of the Lorentzian fits may result in
improved accuracy.

[0226] In different embodiments, a different equation for
PDF may be used, or a different calibration function other
than PDF may be used to relate value of sharpness to
position. Any suitable statistical measure may be used
instead of or in addition to mean, standard deviation or
variance.

[0227] At stage 76, the PDFs are output and/or stored in
memory 16. In further embodiments, any suitable functions
derived from the data from the different focal points may be
used.

[0228] Once the PDFs have been determined, a maximum
likelihood estimator is used to determine positions for the
target in each data set using only the sharpness values for the
different focal points (and without using the known position
of the target). The z positions estimated using the maximum
likelihood estimator are compared to the actual z positions
that are known from the positioning process using the
positioner (since in the experiment the movement of the wire
target 140 is determined by a controlled step). The true
positions of the wire target 140 are known due to the high
precision positioning system.

[0229] The maximum likelihood estimation is performed
for each of the 139 z positions. Depth estimates for 139
ultrasound data sets (corresponding to 139 wire target posi-
tions) are calculated and compared with the positions from
the positioner, which may considered to represent ground
truth. The method aims to provide a precise estimate of each
point source position. The estimate may be considered to be
unique since each position may be characterized by three
distinct sharpness values.

[0230] Since the sharpness values are interpolated, the z
step is modulated accordingly and divided by 1000, taking
the value of 108.7 nm. The maximum of each PDF will
correspond to a depth position of the updated depth vector
using the new z step. As a result, the error of the estimated
depth may be limited approximately the order of a tenth of
a micron.

[0231] FIG. 14 also shows absolute difference between
estimated and real wire position (line 178), as determined by
experiment as described above. It is found that the method
of position estimation does not perform uniformly for the
entire 15 mm distance (the 15 mm range in z over which the
wire target 140 is moved). It may be the case that estimates
around both ends of the wire displacement should not be
taken into account.

[0232] The uncertainty of x position when the area of
interest is narrowed down to 8 mm around the zero point of
the graph (wire target at z=40 mm) reaches a value of 3.05
pm. The highest accuracy of 2.24 um (around 0.01%) is
noticed for a 4 mm range around the zero point. The 4 mm
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range is around the crossover points of the S-curves, as
shown by arrow 176 in FIG. 14.

[0233] It is shown that in some circumstances an axial
resolution almost equal to A/100 may be obtained using a
position determination method as described with reference
to FIGS. 3 and 7.

[0234] It is shown that PSF-based localization methods,
with the use of sharpness, may be applied to ultrasound data
for super-resolution, sub-diffraction localization imaging.
Micrometric depth resolution may be obtained.

[0235] In order to quantify a depth resolution improve-
ment that may be achieved by the sharpness methodology, a
system axial resolution is assessed.

[0236] FIGS. 15 and 16 show how an axial Full-Width at
Half-Maximum (FWHM) is extracted from the RF data
received by the ultrasound transducer and from the contour
plot of the PSF illustrated in the middle plot of FIG. 16. The
extraction of the FWHM from the RF data is shown in FIG.
15 and the extraction of the FWHM from the PSF is shown
in FIG. 16. For FIG. 16, a 40 dB dynamic range display is
selected as the width of the main lobe is of major interest.
The data shown for each figure is obtained with the wire
target 140 positioned at z=40 mm.

[0237] InFIG. 15, the axial FWHM is measured from the
RF signal that passes through the centre of the wire target.
The Hilbert transform has been first employed, resulting in
a Gaussian-shaped curve from which a value of 19.32 psec
is calculated.

[0238] In FIG. 16, all Hilbert data undergo logarithmic
compression before display and the FWHM corresponds to
the -6 dB decrease that is equal to 0.29 mm. With the speed
of sound being constant, there is no difference between these
two values.

[0239] From the FWHM it is possible to calculate the
standard deviation that for a Gaussian function is given by:

FMHM=y2n20=2.3350 (Equaticn 6)

resulting in a value equal to 121.5 pm=0.57A..

[0240] The same FWHM calculation is repeated for all
139 experimental datasets. In contrast to the lateral FWHM
that is subject to the focus and may change greatly with axial
displacement, the axial FWHM, and the standard deviation
as a consequence, remain almost unchanged throughout the
displacement.

[0241] In FIG. 17, the standard deviation obtained from
the FWHM, which may represent the system axial resolu-
tion, is compared to the depth localization accuracy of the
proposed method. Line 180 is the system axial resolution,
which remains fairly constant with z position. Line 182 is
the resolution obtained using the sharpness methodology.
[0242] The sharpness method describes above may pro-
vide superior resolution (compared to the system resolution)
for the whole wire displacement but may become optimal
for a 4 mm region around the initial position. This region is
equal to two times the distance between two successive
receive foci. The optimal region around the initial position
may be due to the fact that the rate of change between
neighbouring sharpness values.

[0243] To increase the super-resolution range, the number
of overlapping S-curves may be increased. For example, the
number of overlapping S-curves may be increased until they
cover axially an entire image. A single image may then be
characterized by a set of several sharpness values. The
number of S-curves used may be unlimited. A single set of
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data may be beamformed with any number of foci. By using
a large number of S-curves, high resolution may be achieved
over a substantial region of an image. In some circum-
stances, high resolution may be achieved over a whole
image.

[0244] The experimental method of position determina-
tion described above may achieve micrometre depth reso-
lution in medical ultrasound. The approach is based on a
simple aberration dependent sharpness metric of a single
point emitter. A linear transducer is used to scan a single-
wire phantom, as a good point source approximation, which
is placed in a setup with a high precision positioning system.
The wire is moved around an initial depth of 40 mm with a
controlled z-step and all acquired data are stored before
moving to the next position. The localization of a point
source may rely on the generation of three overlapping
sharpness curves. This may be managed by deploying three
respective receive foci and by assessing the sharpness val-
ues, the integrated square intensity over the emitter, after
each acquisition as a function of depth. Each curve peaks at
the receive focus and this may enable a unique position of
the point source to be identified. By using a maximum
likelihood algorithm with a calibration standard, sharpness
may be able to provide an estimate of each depth position
with an accuracy of 2.24 um (=0.01%) for a range of 4 mm
around the peaks of the curves.

[0245] In other embodiments, similar methods may be
used to estimate movement in all coordinates. Positions
determined using the position determination method
described above may be used as an input to particle tracking
applications.

[0246] Although the method of FIGS. 3 and 7 is described
above with reference first to simulated data and then to
experimental data in which a wire target 140 is used as a
point source, the method of FIGS. 3 and 7 may in practice
be used for the detection of any target that may be consid-
ered as a point source. One example of a target that may be
considered as a point source is a contrast microbubble.
Contrast microbubbles are used to provide contrast in ultra-
sound images, particularly in medical ultrasound images.

[0247] In one embodiment, the method of FIG. 3, or a
similar method, is used to perform a calibration for a
contrast microbubble target.

[0248] The non-linear behaviour of microbubbles may be
simulated. Differential equations are known that describe
bubble oscillation. For an experiment, a number of wires
may be put across the axial movement of the bubbles in
order to have a precise description of the actual depth.

[0249] Probability density functions are obtained for each
of a plurality of focal points are obtained. The probability
density functions are used in determining the position of
contrast microbubbles at unknown depths. Although the
determination of position in depth is described in this
embodiment, in other embodiments a lateral position may be
determined instead of or in addition to a position in depth.
The lateral position may be determined using the method of
FIG. 7 or by any other method of position determination, for
example any other method of super-resolution position
determination.

[0250] A position determination method is performed as
followed. Contrast microbubbles are introduced into an area
of interest. In the present embodiment the microbubbles are
Sonovue® microbubbles, which are sulphur hexafluoride
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bubbles with phospholipidic monolayer shells. In other
embodiments, any microbubbles may be used.

[0251] In this embodiment, the contrast microbubbles are
introduced into the blood vessels of a patient. In other
embodiments, the area of interest may comprise any suitable
area, volume or structure. The area of interest may comprise
tissue of any part of the human or animal body.

[0252] Contrast microbubbles are designed to produce
strong reflections in ultrasound. Each contrast microbubble
may be considered to be a point source.

[0253] A transducer 10 transmits ultrasound energy
towards the structure of interest, for example towards the
blood vessels into which the contrast microbubbles have
been introduced. In the present embodiment, a single plane
wave is transmitted. The plane wave is an unfocussed beam.
[0254] An ultrasound pulse is used that has been designed
for detection of microbubbles. The ultrasound pulse uses a
pulsing strategy that enables the subtraction of background
tissue echoes. The ultrasound pulse may be such that a linear
response may substantially cancel the pulse. However,
microbubbles have a non-linear response. Therefore, echoes
from microbubbles may be received while substantially
removing echoes from tissue.

[0255] Ultrasound energy is reflected from each of the
contrast microbubbles. In the discussion below, we consider
only one of the contrast microbubbles. However, the method
described may be used to determine the position of many
microbubbles. In some circumstances, the effectiveness of
the position determination may depend on the density of the
microbubbles. For example, the position determination for
each of the microbubbles may be more accurate when the
microbubbles are well separated. Tt may be necessary to
control the microbubble density in an image, as each sharp-
ness value may be evaluated only from a small box around
a single PSF. Within such a limit, aberrations may be
well-defined and symmetric and may be contained within a
single analysis frame.

[0256] Considering a single microbubble target, each ele-
ment of the transducer 10 receives a respective ultrasound
signal which has been reflected from the microbubble target.
The received ultrasound signals are digitized by the ADC 12
and stored in the memory 16.

[0257] The processor 14 beamforms the received ultra-
sound data with each of a plurality of focal points. A Hilbert
transform is performed to obtain an envelope of the received
transducer signals. In the present embodiment, a Delay-and-
Sum beamformer is used. In other embodiments, any appro-
priate beamformer may be used. Three sets of beamformed
data are output, each beamformed with a different focal
point.

[0258] The processor 14 evaluates a sharpness value for
each set of beamformed data. In order to evaluate the
sharpness value, the processor 14 determines a region from
which the sharpness value will be evaluated.

[0259] In the present embodiment, the processor 14 deter-
mines an approximate position for the target by determining
the sample that has a maximum amplitude value (for
example, a global or local maximum amplitude). The pro-
cessor 14 selects a square region of a given size around the
maximum amplitude sample. In other embodiments, the
processor 14 may detect one or more point spread functions.
In further embodiments, any appropriate method of region
selection may be used. The selected region may be of any
appropriate shape (for example, square, rectangle or circle)
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and of any appropriate size. The size of the region may be
obtained so as to have enough samples to perform an
adequate sharpness calculation.

[0260] Insome embodiments, the processor 14 determines
statistics of data points within the region. For example, the
processor 14 may determine a range of amplitudes or a
distribution of amplitudes. The processor 14 may change the
size and/or position of the region in response to the deter-
mined statistics. For example, if the determined statistics
indicate that more than one target is present in the selected
region, the processor 14 may reduce the size of the selected
region until the statistics show that it contains only one
target.

[0261] The processor evaluates the sharpness value for
each set of beamformed data by using Equation 3 to calcu-
late a normalised sharpness value for the samples in the
selected region. The number of sharpness values obtained is
the number of different focal points used.

[0262] The processor 14 uses a maximum likelihood algo-
rithm to determine the most likely depth of the target from
the multiple sharpness values. The maximum likelihood
algorithm uses the PDFs that have been obtained from
calibration.

[0263] The maximum likelihood estimator maximises
likelihood L of Equation 5. Any suitable maximum likeli-
hood estimator may be used to maximise the likelihood. The
maximum likelihood estimator returns an estimate for the
position of the target in the z direction. If there are multiple
microbubbles present in the area of interest, a region may be
selected around each of the microbubbles. For example, an
approximate position of each microbubble may be deter-
mined by finding local maxima in amplitude. A region may
be selected around each local maximum. A set of sharpness
values may be determined for each of the selected regions.

[0264] Once the position of each microbubble has been
determined, the positions may be used to form images or to
obtain further information about the area of interest. For
example, positions of microbubbles may be used to perform
tracking.

[0265] By using a position determination method based on
a sharpness metric (or another suitable metric), positions of
microbubbles or other point sources may be determined with
a resolution beyond the diffraction limit. High resolution
position determination may be of use in many medical
applications, for example in imaging of small structures
such as microvessels. Position may be determined for any
suitable sources, for example any suitable point sources. In
one example, the source may be a tumour. Position may be
determined for particle tracking and/or for tracking of any
appropriate anatomical feature.

[0266] Position may be determined at high resolution from
a single ultrasound transmission by beamforming a single
set of ultrasound signals using multiple foci. Multiple sets of
beamformed data may be used to obtain multiple sharpness
values for a target and hence a high-resolution position for
that target.

[0267] By obtaining multiple sets of beamformed data
from a single set of received ultrasound signals, super-
resolution imaging may be obtained without requiring the
use of additional ultrasound transmissions. In some circum-
stances, the position determination method described may
provide a fast and/or efficient method of obtaining high-
resolution position data.

Dec. 27,2018

[0268] The number and spacing of foci may be chosen to
give high resolution over a desired range. Closely spaced
foci may result in higher resolution than more widely spaced
foci. A set of foci that cover a wider range of z may achieve
a greater high-resolution range than a set of foci that cover
a narrower range in z. Since the different foci are achieved
through beamforming of the same ultrasound data, there
may be no limit on the number or position of foci that may
be used.

[0269] In the embodiments described above, plane wave
transmission is chosen. Plane wave transmission may offer
fast acquisitions and one emission may be able to provide all
the necessary information for the algorithm. However, in
other embodiments, Synthetic Aperture ultrasound may be
used. The low-resolution images acquired from single SA
emissions may provide an even higher frame rate, increasing
the amount of collected data.

[0270] In some embodiments, for example for targets that
are located at greater depths at which a lower Signal-to-
Noise Ratio might compromise the performance of the
method, conventional focussed ultrasound may be adopted.
The transmit focus may be positioned far from the trans-
ducer’s surface. In such a case, a higher number of emissions
may be required, increasing the time needed between two
successive RF data acquisitions.

[0271] The acquisition time, the depth of interest and the
velocity of a moving particle may introduce complexity in
the choice of parameters as given in Table 1. Any of the
parameters may be modified as needed.

[0272] Inthe embodiments described above, beamforming
is performed on stored data and may be performed after all
acquisitions have taken place. In other embodiments, beam-
forming may be performed directly after each acquisition.
Beamforming may be performed by an ultrasound imaging
apparatus while ultrasound images are being acquired.
[0273] The embodiments described above describe the use
of a linear array transducer. In other embodiments, a 2D
array transducer may be used. Ultrasound scanning with 2D
array probes may be exploited to extract sharpness values
that may correspond to a total position instead of just to a z
position. Position may be determined in at least one lateral
dimension.

[0274] Modern 2D arrays exist in which transducer ele-
ments are not located in one row only (for example, 1x192
elements) but have dimensions such as, for example, 32x32
elements. When such an array is used, received signals may
provide information about the whole position of a scatterer.
The position information may not be restricted to x and z
position. A measured sharpness may then cotrespond to a
full position and not a z only coordinate.

[0275] The number of S curves is not limited (any number
of S-curves may be obtained from the same data). Therefore,
it may be possible to have as many curves as required for the
estimation of 3 position parameters (x, y and z) instead of
one parameter (z).

[0276] Any suitable metric may be used to perform the
position determination method. The metric may be any
sharpness metric. The metric may be any metric that relates
to position and/or focus, for example a metric that measures
or depends on contrast or intensity. The value returned by the
metric should be different for different foci.

[0277] In embodiments, any suitable statistical measures
may be used. A different definition of PDF may be used from
that described above, or a function other than PDF may be
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used. Any calibration function may be used by which a
position may be determined from values of the metric. The
calibration function may also return a probability or likeli-
hood associated with the determined position.

[0278] Inthe embodiments above, sharpness is determined
from raw ultrasound data. In further embodiments, a value
of a metric (for example, sharpness) may be obtained from
image data that has been obtained from ultrasound signals.
Multiple images may be obtained by beamforming a set of
ultrasound data using multiple foci, and a value for the
metric may be determined from each of the images.
[0279] It may be understood that the present invention has
been described above purely by way of example, and that
modifications of detail can be made within the scope of the
invention.

[0280] Fach feature disclosed in the description and
(where appropriate) the claims and drawings may be pro-
vided independently or in any appropriate combination.

What is claimed is:

1. A method of determining a position of a target using a
metric, the method comprising:

receiving a plurality of ultrasound signals representative

of ultrasound energy received from the target;

for each of a plurality of different foci:

adjusting the ultrasound signals in dependence on the
focus; and

determining a value of the metric using the adjusted
ultrasound signals;

and

using the determined values for the metric for the different

foci to determine a position of the target.

2. A method according to claim 1, wherein the metric
comprises a sharpness metric, and the using of the deter-
mined values for the metric for the different foci to deter-
mine a position of the target comprises determining a
position of the target in dependence on differences in values
of the sharpness metric for the different foci.

3. A method according to claim 1, wherein a spatial
resolution of the determining of the position of the target is
below a diffraction limit for a frequency of the ultrasound
signals.

4. A method according to claim 1, wherein the metric is
based on at least one of: a sharpness, a contrast, an intensity,
a signal amplitude.

5. A method according to claim 1, wherein adjusting the
ultrasound signals in dependence on the focus comprises
beamforming the ultrasound signals at the focus.

6. A method according to claim 5, wherein beamforming
the ultrasound signals at the focus comprises applying time
delays to at least some of the ultrasound signals.

7. A method according to claim 6, wherein the plurality of
ultrasound signals correspond to a respective plurality of
ultrasound transducer elements, and the time delays are
applied in dependence on a distance from each transducer
element to the focus.

8. A method according to claim 5, wherein beamforming
the ultrasound signals further comprises applying apodiza-
tion weights to the ultrasound signals.

9. A method according to claim 1, wherein using the
determined values for the metric for the different foci to
determine a position of the target comprises using a plurality
of calibration functions, each calibration function corre-
sponding to a respective focus.
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10. A method according to claim 9, wherein for each
focus, the corresponding calibration function is a function of
position of the target and value for the metric with that focus.

11. A method according to claim 9, wherein each calibra-
tion function comprises a probability density function.

12. A method according to claim 9, wherein determining
the position of the target comprises determining a position
for which a combination of the calibration functions is
maximised.

13. A method according to claim 12, wherein determining
a position for which a combination of the calibration func-
tions is maximised comprises using a maximum likelihood
estimator.

14. A method according to claim 1, wherein the metric
comprises a sharpness metric.

15. A method according to claim 14, wherein the adjusted
ultrasound signals comprise a plurality of data points, and
wherein the value for sharpness metric is dependent on
amplitudes for a selected at least some of the plurality of
data points.

16. A method according to claim 15, wherein the sharp-
ness metric is proportional to the fourth power of the
amplitudes of the selected at least some of the plurality of
data points.

17. A method according to claim 1, further comprising
selecting a region around the target, wherein the metric is
determined for the selected region.

18. A method according to claim 1, wherein the adjusted
ultrasound signals comprise a plurality of data points, the
value for sharpness metric is dependent on amplitudes for a
selected at least some of the plurality of data points, and the
selected at least some of the plurality of data points are data
points within the selected region.

19. A method according to claim 17, wherein selecting a
region around the target comprises determining an approxi-
mate position for the target and selecting a region around the
approximate position.

20. A method according to claim 1, wherein the target
comprises a contrast microbubble.

21. A method according to claim 20, wherein the ultra-
sound signals are received from an ultrasound transmission,
the ultrasound transmission comprising a non-linear ultra-
sound pulse.

22. A method according to claim 1, wherein the deter-
mined position of the target comprises an axial position.

23. A method according to claim 22, wherein the target is
part of an object to which ultrasound energy is transmitted
from an ultrasound source, and the axial direction is a
direction into the object from the ultrasound source.

24. A method according to claim 23, wherein the ultra-
sound source comprises an ultrasound transducer, the ultra-
sound signals are received by the ultrasound transducer, and
the determined position is a position in an axial direction
with respect to the ultrasound transducer.

25. A method according to claim 1, wherein the ultra-
sound signals and/or the adjusted ultrasound signals com-
prise raw ultrasound data.

26. A method according to claim 1, further comprising
processing the ultrasound signals to form an image of the
target using the determined position of the target.

27. An apparatus for determining a position of a target
using a metric, the apparatus comprising:
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a receiver configured to receive a plurality of ultrasound
signals representative of ultrasound energy received
from the target; and

a processor, wherein the processor is configured to, for
each of a plurality of different foci, adjust the ultra-
sound signals in dependence on the focus and deter-
mine a value of the metric using the adjusted ultrasound
signals; and

wherein the processor is further configured to use the
determined values for the metric for the different foci to
determine a position of the target.

28. A method of calibration of a position determination

method using a metric, the method comprising:

for each of a plurality of foci, determining a calibration
function of value of the metric and position for that
focus by positioning a target at each of a plurality of
known positions and, for each of the plurality of known
positions, determining a value of the metric for the
target at the position by:

receiving a plurality of ultrasound signals representative
of ultrasound energy reflected from the target,

adjusting the ultrasound signals to focus the signals at the
focus, and

determining a value of the metric for the target using the
adjusted ultrasound signals.

I I T T
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