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Description
TECHNICAL FIELD

[0001] The following generally relates to ultrasound imaging and more particularly to non-invasively estimating intra-
vascular pressure changes with velocity vector ultrasound (US).

BACKGROUND

[0002] Abnormal changes in intravascular blood pressure have been an indication of a diseased vessel. The literature
indicates that measured pressure variations have been used clinically as a diagnostic marker in assessing the physio-
logical state of a cardiovascular region. Intravascular pressure can be determined by inserting pressure sensing wires
or catheters to the femoral artery and threading them to the region of interest. Such a procedure is invasive and has
required the use of ionizing radiation for guidance of the pressure sensory device. Unfortunately, invasive procedures
leave the patient susceptible to infection, bleeding, etc., and ionizing radiation can damage or kill cells. Furthermore,
the literature has indicated that the accuracy of using catheters is greatly dependent on the physical size and shape of
the catheter.

[0003] Alessinvasive approach estimateslocal pressure changes using microbubbles. This approachrelies on injecting
gas-filled bubbles into the circulatory system to measure the frequency shift that occurred in the scattered spectrum as
ultrasonic waves were applied. Unfortunately, this approach requires the injection of microbubbles. A non-invasive
approach is based on Doppler ultrasound. This approach includes analyzing audio signals of the frequency shifts received
from the mitral jet, which reveals the peak systolic velocity. From this, local pressure gradients are calculated using an
orifice equation. This approach is reliant on a single velocity estimate. Unfortunately, this renders the approach sensitive
to hemodynamic factors unrelated to the constricted vessel’s effect on the peak velocity, e.g. abnormal cardiac output.
This approach has been considered in the literature as unreliable.

[0004] In view of at least the above, there is an unresolved need for another approach for measuring intravascular
blood pressure.

[0005] Jacob Bjerring Olesen etal., in their paper "Non-invasive estimation of pressure gradients in pulsatile flow using
ultrasound" (2014 IEEE INTERNATIONAL ULTRASONICS SYMPOSIUM, IEEE, 3 September 2014, pages 2257 to
2260), describes how pressure gradients in a pulsatile flow environment can be measured non-invasively using ultrasound
to an accuracy of more than 85% when considering three cardiac cycles. Navier-Stokes equations for incompressible
fluids are used to calculate the pressure gradients.

[0006] In the article entitled "Left Ventricular Fluid Mechanics: The Long Way from Theoretical Models to Clinical
Applications" by Gianni Pedrizzetti et al. (ANNALS OF BIOMEDICAL ENGINEERING, PERGAMON PRESS, OXFORD,
GB, Vol. 43, No. 1, 4 September 2014, pages 26 to 40), the flow inside the left ventricle is characterized by the formation
of vortices which accompany blood from the mitral inlet to the aortic outlet. Numerical simulations are proposed which
provide information on the physical phenomena involved in left ventricular fluid dynamics, such as, intraventricular flow
in different cardiovascular states.

[0007] Jacob Bjerring Olesen et al. also describes a noninvasive method for estimating pressure gradients from ul-
trasound velocity data in "Noninvasive estimation of2-D pressure gradients in steady flow using ultrasound" (IEEE
TRANSACTIONS ON ULTRASONICS, FERROELECTRICS AND FREQUENCY CONTROL, Vol. 61, No. 8, 1 August
2014, pages 1409 to 1418). Scans of a carotid bifurcation phantom were obtained using a linear transducer connected
to a scanner, and, the results from the estimator were compared to a model of the same carotid bifurcation phantom
derived using magnetic resonance imaging.

[0008] EP-A-2769677 discloses an ultrasound imaging method for obtaining diagnostic information of a fluid contained
in a test subject using echo signals. Velocity information is obtained from the velocity distribution of the fluid. A flow
velocity distribution acquisition component detects fluid flow in the vicinity of tissue from the echo signals and a velocity
determination component extracts velocity information. The velocity determination component sets a model of the ob-
jective fluid flow, and determines a measured velocity distribution consistent with velocity distribution estimated from the
model.

SUMMARY

[0009] Aspects of the application address the above matters, and others.

[0010] In one aspect, a method for determining pressure gradients with ultrasound data includes acquiring ultrasound
data of a vessel and generating a velocity vector profile for flow in the vessel with the ultrasound data. The method
further includes computing an acceleration with the velocity vector profile. The acceleration includes at least a temporal
acceleration, and computing the temporal acceleration includes transforming the velocity vector profile from a time
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domain to a frequency domain, selecting a sub-set of the frequency components that satisfy predetermined energy
criteria, processing the selected sub-set by differentiating the selected sub-set, and processing the selected sub-set by
differentiating the selected sub-set thereby reducing noise from the velocity vector profile and determining the temporal
acceleration from the noise-reduced velocity data. The method further includes determining the pressure gradients with
the computed acceleration. The method further includes displaying an ultrasound image of the vessel with indicia indic-
ative of the pressure gradients superimposed thereover.

[0011] In another aspect, an apparatus for determining pressure gradients with ultrasound data which includes a
velocity estimator that processes ultrasound image data acquired by an ultrasound imaging system and generates
velocity vector fields based thereon. The apparatus further includes a temporal acceleration processor that processes
the velocity vector fields and generates a temporal acceleration, wherein the temporal acceleration processor filters the
velocity vector fields while determining the temporal acceleration by transforming the velocity vector profile from a time
domain to a frequency domain, selecting a sub-set of the frequency components that satisfy predetermined energy
criteria, processing the selected sub-setby differentiating the selected sub-setand transforming the differentiated selected
sub-set back to the time domain. The apparatus further includes a spatial acceleration processor that processes the
velocity vector fields and generates a spatial acceleration. The apparatus further includes a pressure change estimator
that estimates pressure gradients for the ultrasound data based on a model and the temporal and spatial accelerations.
The apparatus further includes a display configured to display ultrasound image data and the pressure gradients esti-
mates.

[0012] Inanother, not claimed In aspect a non-transitory computer readable storage medium is encoded with computer
executable instructions which when executed by a processor of the computer causes the processor to: determine a
spatial acceleration based on velocity vector fields, transform the velocity vector fields to the frequency domain, producing
a sum of sinusoids, differentiate a sub-set of the sinusoids satisfying at least one of a predetermined energy of interest
or a predetermine frequency range of interest, producing a sum of cosines, reconstruct the sum of cosines to determine
a temporal acceleration, and determine a pressure change with the Navier-Stokes equation based on the spatial accel-
eration and the temporal acceleration.

[0013] Those skilled in the art will recognize still other aspects of the present application upon reading and under-
standing the attached description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] The application is illustrated by way of example and not limited by the figures of the accompanying drawings,
in which like references indicate similar elements and in which:

Figure 1 schematically illustrates an example ultrasound imaging system with an intravascular pressure determiner;
Figure 2 schematically illustrates an example of the intravascular pressure determiner;

Figure 3 shows an example inlet profile;

Figure 4 shows an ideal number of sinusoids needed to reconstruct the profile in Figure 3;

Figure 5 shows the approximated flow from the center of the constriction;

Figure 6 show results of mapping pressure gradients derived from the velocity data;

Figure 7 shows a plot of the temporal evolution of the pressure drop for the three measured cardiac cycles;
Figure 8 shows the mean of three measured pressure profiles plotted together with a simulated pressure drop from
an FE model;

Figure 9 illustrates a method, and

Figure 10 shows an example display of 2-D pressure changes through a vessel.

DETAILED DESCRIPTION

[0015] The following generally describes a non-invasive approach for estimating intravascular pressure changes from
ultrasound imaging data. In one instance, the approach estimates pressure gradients from 2-D or 3-D vector velocity
fields. Changes in pressure are then derived using a model based on, e.g., the Navier-Stokes and/or other equations.
[0016] Initially referring to Figure 1, an example ultrasound imaging system 100 is illustrated.

[0017] A transducer array 102 includes a plurality of transducer elements, which are configured to transmit ultrasound
signals and receive echo signals. Examples of suitable one-dimensional (1-D) arrays include arrays with 8, 16, 32, 64,
96, 128, 512, etc. transducer elements. Other numbers of elements and/or dimensions (e.g., two-dimensional, or 2-D)
are also contemplated herein. The array 102 can be linear, curved, and/or otherwise shaped. The transducer array 102
can be fully populated or sparse and/or a combination thereof.

[0018] Transmit circuitry 104 generates a set of pulses that are conveyed to the transducer array 102. The set of
pulses actuates a corresponding set of the transducer elements of the transducer array 102, causing the elements to
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transmit ultrasound signals into an examination or scan field of view. Receive circuitry 106 receives echoes generated
in response to the transmitted ultrasound signals from the transducer 102. The echoes, generally, are a result of the
interaction between the emitted ultrasound signals and the structure (e.g., flowing blood cells, organ cells, etc.) in the
scan field of view.

[0019] A controller 108 controls the transmit circuitry 104 and/or receive circuitry 106. In one instance, the controller
108 controls the transmit circuitry 104 to emit waves (e.g., unfocused spherical, weakly focused, plane, etc.) from the
aperture by placing virtual sources behind the transducer. A beamformer 112 processes the echoes and generates data
at least for generating images and estimating velocity. In one non-limiting instance, this includes generating a sequence
of focused, coherent echo samples along focused scanlines of a scanplane.

[0020] A velocity estimator 113 is configured to estimate 2-D and/or three-dimensional (3-D) vector velocity fields. For
example, the velocity estimator 113 can be configured to estimate a 2-D in-plane vector velocity field v(r,f)= (v (1), v,(D)).

The out-of-plane velocity v,(t) can be set to zero. Alternatively, the out-of-plane velocity v,(f) is also determined to

estimate a 3-D vector velocity field.

[0021] Examples of velocity estimators are described in Jensen et al., "Directional synthetic aperture flow imaging,"
IEEE Trans. Ultrason., Ferroelec., Freq. Contr., 51:1107-1118, 2004, Jensen et al., "Estimation of velocity vectors in
synthetic aperture ultrasound imaging," IEEE Trans. Ultrason., Ferroelec., Freq. Contr., 25:1637-1644, 2006, and Jensen,
"Vector velocity estimation using directional beam forming and cross-correlation," US 6,725,076 B1.

[0022] Other suitable velocity estimators can be based on Jensen, "A New Estimator for Vector Velocity Estimation,"
IEEE Trans. Ultrason., Ferroelec., Freq. Contr., 48(4):886-894, 2001, and Jensen, "Estimator for Vector Velocity," US
6,859,659 B1, the entirety of which is incorporated herein by reference, and Jensen, "Apparatus and method for deter-
mining movements and velocities of moving objects," US 6,148,224.

[0023] An intravascular pressure estimator 114 is configured to process the velocity vector to estimate a change in
intravascular pressure. As described in greater detail below, in one instance this includes smoothing the velocity vector
profile, computing a temporal acceleration term from the smoothed velocity vector data, and determining a pressure
gradient based on the temporal acceleration term, a spatial acceleration term, and the Navier-Stokes equation. The
smoothing, in one instance, de-noises the velocity vector profile. Optionally, the intravascular pressure estimator 114 is
further configured to determine pressure drops.

[0024] A scan converter 116 scan converts the scanlines for frames of data to generate data for display, for example,
by converting the data to the coordinate system of the display. The scan converter 116 can employ analog and/or digital
scan converting techniques. A display 118 is configured to display an ultrasound image, an intravascular pressure, a
change in intravascular pressure, a pressure drop, etc. The pressure can be visually displayed with indicia (e.g., alpha-
numeric, graphical, etc.).

[0025] A user interface (Ul) 110, which includes an input device (e.g., a button, a slider, a touch surface, etc.) and/or
an output device (e.g., a visual and/or audible, etc.), provides an interface between the system 100 and a user of the
system 100.

[0026] Itisto be appreciated that the beamformer 112, the velocity estimator 113, the intravascular pressure estimator
114, and/or other components of the system 100 can be implemented via a processor (e.g., a microprocessor, central
processing unit, a controller, etc.) executing one or more computer readable instructions encoded or embedded on a
non-transitory computer readable storage medium such as physical memory. The processor can additionally or alter-
natively execute a computer readable instruction carried by a carrier wave, a signal, or other transitory medium.
[0027] Figure 2 illustrates an example of the intravascular pressure estimator 114.

[0028] The illustrated intravascular pressure estimator 114 includes a temporal acceleration processor 208. In this
example, the temporal acceleration processor 208 approximates a temporal acceleration analytically by decomposing
a measured flow profile into a series of sinusoids through a Fourier transform. These sinusoids oscillate at frequencies,
such as those descriptive for the original profile. The temporal acceleration processor 208 identifies a sub-set of the
sinusoids as sinusoids of interest. In one instance, the sub-set includes sinusoids that satisfy energy criterion of interest,
e.g., a predetermined number of sinusoids with a highest energy, sinusoids with energy in a predetermined range, etc.
In another instance, the sub-set includes sinusoids corresponding to a frequency below a cut-off frequency (e.g., 500
Hz, 1 kHz, etc.). In yet another instance, the sub-set is determined based on a combination of energy and frequency.
Other criterion is also contemplated herein.

[0029] The temporal acceleration processor 208 differentiates the selected sinusoids. In this example, the temporal
acceleration processor 208 computes a first order derivative as shown in Equation 1:
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Equation 1:

N
43 (L)t L
v ((;t Jt) _ 2|Up(l;])|2”fp(l;])5m (2nfp (it = B0 1)),

p=1

where N represents a number of sinusoids used in reconstructing the flow profile, Vp and ¢p represents an amplitude
and a phase of the frequency component fp, (i,j) represents a position within the each velocity field, and m a direction
(e.g., either axial z or lateral x). Taking the derivative computes the temporal acceleration as a sum of cosines. The
temporal acceleration processor 208 reconstructs the sum of cosines, e.g., using a trigonometric function, to transform
the data back into the time domain. Reconstructing the flow profile as such in connection with cardiac data is possible
as the flow is periodic over the cardiac cycle.

[0030] With this approach, the velocity profile at each position within the vector field is first transformed from the time
domain to the frequency domain, e.g., through a Fourier transform to decompose the vector fields into the frequencies
that make it up over a plurality of energy bins. A sub-set of the frequency components is then retained while others are
discarded, ignored, etc. In one instance 4 to 12 frequency components, such as 6, 7, 8, 9, 10, etc. frequency components
are retained. As discussed above, the selection can be based on energy, frequency, etc. such that a sub-set of the
frequency bins are selected. An example where 8 frequency components or bins are selected is discussed below in
connection with Figure 4 herein. The derivative shifts the phase of the selected frequencies by 90 degrees to produce
the temporal acceleration profile. This process has the effect of smoothing the original vector velocity estimates, e.g.,
by removing higher frequency components, which results in higher precision of pressure gradient estimates. The differ-
entiated data is then transformed back to the time domain and further processed as described herein.

[0031] The illustrated intravascular pressure estimator 114 further includes a spatial acceleration processor 210. In
this example, the spatial acceleration processor 210 calculates a spatial acceleration using polynomial filtering of the
measured velocity field. In one instance, the spatial acceleration processor 210 fits a second-order polynomial to a
subset of adjacent data points by a linear least-squared approach and then calculates convolution coefficients from a
least-squared model, which are used for finding the first- order derivatives. The spatial acceleration processor 210
calculates the axial and lateral derivatives discretely for each position in a scan plane at a given time t.

[0032] In one instance, the spatial acceleration processor 210 calculates the axial and lateral derivatives through
Equations 2 and 3:

Equation 2:
a5 ( ) . i+hy
U (], t S N .
A g D W@ DB~ (= k) + 1)
p=i—hy
and
Equation 3:

jthw
v, ), 0) 1 T B (i

p=j—hw

where Am represents a sampling interval of the velocity field in either the axial or lateral direction, p represents an index,

— 5T -
B represents convolution coefficients, and Ym represents the transpose of V,- The index number p can be found from
_ Nget+1 _

half a window size of the selected subset, which can be calculated by: v 2 " where Nggt represents a
number of samples in the subset. The convolution coefficients in B depend solely on the order of the fitted polynomial
and the size of the selected window, which can be found in look-up tables. The multiplication ofVm and §, in this example,
is performed element by element.

[0033] The illustrated intravascular pressure estimator 114 further includes a pressure change estimator 202. The
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pressure change estimator 202 is configured to estimate at least an intravascular pressure with the 2-D or 3-D vector
velocity fields based on a model. Model storage 204 stores such a model. In the following example, the model is used
to determine, from the 2-D vector velocity, in-plane pressure gradients, using the temporal and spatial acceleration (i.e.,
the temporal and spatial derivatives), as shown in Equations 4A or 4B:

Equation 4A:

dp v, v, v,

- i, *v

ox ot = ox oz

=—p ,
a_p 6vZ+Ux6vZ+UzavZ
0z at 0x 0z
and
Equation 4B:

0 ov ov ov 0%v, 0%v
i —t V=t v — — =
ox| _ _ | ot 0x 0z |, ,| 9x* = 9z? [ng]
op| = Plov,  ov o ov | " H oty o7, |7 leg
0z at ¥ ox Z 0z 0x2 0z

where p represents the pressure, x represents the axial direction, z represents the lateral direction, t represents time,
v, represents the axial velocity component, v, represents the lateral velocity component, p and u represents density
and viscosity, respectively, and g represents the gravitational force. In general, Equation 4B additionally includes viscous
forces and the gravity terms. For Equations 4A and 4B, the out-of-plane velocity vy and changes in this direction are
zero. In a variation, the out-of-plane velocity v, can be included in Equations 4A or 4B and/or otherwise considered in
the determination of the pressure gradients.

[0034] Such a model can be based on the Navier-Stokes equation, which is shown in Equation 5:

Equation 5:

v . L
pE+v-Vv=—Vp+pg+,qu,

v

where p represents a density of the fluid, v represents a velocity vector, Er represents a partial derivative of the velocity

A i)

vector as a function of time, V represents a spatial differential operator (ax, 3y’ 0z) VvV represents convective fluid
acceleration, Vp represents a pressure gradient, 5 represents a gravitational force, V2va Laplacian of the velocity field,
and ,uVZV represents a viscous drag caused by the viscosity of the fluid.

[0035] Equation 5 describes the development of a fluid’s velocity field (7(7,t) = X(t),vy(t),vz(t)) by relating forces acting
on an incompressible volume to acceleration and density at a position 7 and a time t. From Equation 5, the pressure
gradient Vp can be determined if the three spatial vector components of v are known. The gravitational term, in one
instance, can be ignored, for example, as a patient undergoing a scan (e.g., ultrasound) is placed in a supine position.
The viscous forces, in one instance, can be ignored, for example, when studying blood flow in larger arteries, for example,
due to the forces small effect on the overall movement of flow.

[0036] A pressure drop determiner 206 determines one or more pressure drops based on the pressure gradients. In
another embodiment, the pressure drop determiner 206 is omitted. Figure 6 below shows an image with pressure
gradients (represented via the arrows) superimposed over a vessel in an image. In one instance, a user can identify (via
a mouse, etc.) points of interest in the vessel, e.g., behind, within, and before the constriction. The pressure drop
determiner 206 determines a pressure drop based on these three points. In another example using Figure 6, a user can
draw a line along the long axis of the vessel running through the constriction. A pressure drop can be determined for a
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particular moment in time by integrating the pressure gradients along the line in the image. This can be repeated for
multiple time points based on each corresponding image. In yet another example, pressure drops can be calculated for
a plurality of such lines each time point.

[0037] The one or more pressure drops can be graphically and/or alpha-numerically presented or displayed via the
display 118. For example, the three points and the pressure drop can be superimposed over the image. In another
example, the pressure drops for the line can be shown as a plot as a function of time as shown below in Figure 7. In
another example, the pressure drops for the plurality of lines can be shown as a pressure map, e.g., similar to weather
map. Figure 10 shows an example display of 2-D pressure changes through a vessel. The pressure values are given
in reference to the entrance of the vessel (left side), which is set to zero. In this case, pressure is derived using EQUATION
6A on multiple streamlines following the vector velocity field.

[0038] The following describes a non-limiting example that compares an accuracy of the pressure changes using the
approach described herein with a simulation. The simulation includes a finite element (FE) model. The geometry of the
model is built from segmented MRI data of the flow phantom obtained using a 3-T scanner. The flow parameters of the
simulation model are set to mimic actual flow conditions in the experimental set-up. Figure 3 shows an example inlet
profile equivalent to a one measured during experimental settings, which is applied to the entrance of the model. The
viscosity (e.g., 4.1e-3 pascal-second, or Pa-s) and density (1,030 kilogram per cubic meter, or kg/m3 are assigned values
that match the properties of the blood-mimicking fluid. An example of such a model is discussed in Olesen et el.,
"Noninvasive estimation of 2-D pressure gradients in steady flow using ultrasound," IEEE Transactions on Ultrasonics,
Ferroelectrics and Frequency Control, vol. 61, no. 8, pp. 1409-1418.

[0039] The experimental set-up and equipment are described next. Vector velocity data are acquired on a flow phantom
mimicking the carotid bifurcation having a 70% constriction of the internal branch. Measurements are acquired using a
linear array transducer such as the BK8670, a product of BK Medical, DK. The linear array transducer is connected to
an experimental research scanner. A three-cycle pulse with a center frequency of 7 MHz is emitted at 12 kHz to a depth
of 3 cm. Eight low-resolution images are summed for each high resolution image producing an effective frame-rate of
1,500 Hz. The ultrasound data can be processed on or off-line. The carotid phantom is connected to a flow system
capable of generating customized flow waveforms.

[0040] The local acceleration is approximated by decomposing the measured waveform into a number of sinusoids
each oscillating at different frequencies. This is done to express the derivatives for calculating the pressure gradients
analytically. The number of sinusoids needed to make a realistic reconstruction of the original flow waveform depends
on the complexity of the profile and the amount of noise present in the signal. Figure 4 shows an ideal number of sinusoids
needed to reconstruct the profile in Figure 3 as a function of an increasing noise level in the measured signal. The
system’s inlet waveform can be more than 98% recovered from the sum of eight sinusoids, despite having a 20 dB level
of white Gaussian noise. The approximated flow from the center of the constriction is plotted in Figure 5.

[0041] Maps of pressure gradients are derived from the velocity data, and a result is shown in Figure 6. The estimated
gradients are plotted during the peak systolic phase of the cardiac cycle. Figure 6 is calculated using the estimator
described in Equation 4A. The arrows and their background gray levels indicate a direction and a magnitude of the
gradients, respectively. Figure 6 shows arrows that tend to point away from the center of the constriction, indicating that
a low pressure is present here. The spatial derivatives used in Figure 6 are calculated using window sizes of 31 (3 mm)
and 11 (2 mm) data points for the axial and lateral direction, respectively.

[0042] One way of displaying a pressure drop across a region is by using a streamline representation. For instance,
adding vector components, v, and v,, which underlie the streamline, yields the velocity component tangent to the stream-
line, v¢. Re-writing the 2-D in-plane velocity components to a single component parallel to the streamline, means that
pressure gradients along the line, can be derived using a 1-D representation of Equation 5, as shown in Equations 6A or 6B:

Equation 6A:
p [avs 4 avs]
as = Plae T %as )
and
Equation 6B:
ap [avs N avs] 0%v,
as ~ Plac "% s 352
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In general, Equation 6B additionally includes viscous forces and the gravity terms.

[0043] Thetotal pressuredrop thatexistsacrossthe streamlineis estimated as afunction of time. The spatial derivatives,
which go into the estimator, are calculated using polynomial filtering. A second-order polynomial is fitted to a subset of
71 adjacent velocity estimates covering a 1.4 mm line of the 10.7 mm long streamline. The window size and the order
of the filter is selected to minimize the effect of estimator noise and under the assumption that flow within a 1.4 mm
region can be approximated by a second-order polynomial. Each individual gradient gives an indication of how pressure
at that particular position changes relative to neighboring pressure values. Summing the discrete contributions from
each estimate along the line, the relative drop in pressure that exists between the two ends of the streamline is obtained.
[0044] The temporal evolution of the pressure drop for the three measured cardiac cycles is plotted in Figure 7. The
figure shows the greatest pressure drop in the systolic phase of the cardiac cycle, and that the drop peaks just before
the flow reaches its maximum velocity. The average standard deviation across the pulse is found to 4% in reference to
the maximum pressure of 7 Pa. The mean of the three measured pressure profiles is plotted together with the simulated
pressure drop from the FE model in Figure 8. A normalized root-mean-square error of 10% is found between the estimated
data and the reference model.

[0045] Inthis example, non-invasive measurement of pressure changes has been calculated from vector velocity data.
The intravascular pressure drop across the constricted phantom varied depending on when in the cardiac cycle it was
measured. The largest drop was estimated just prior to the peak systolic phase, reaching 7 Pa with a standard deviation
of 4%. A normalized error of 10% was seen between the estimated pressure and the results from the FE model. For
this example, the approached described herein employs vector velocity data acquired to a depth of 3 cm using directional
synthetic aperture flow imaging, producing 1,500 velocity frames a second.

[0046] Such techniques otherwise allow for averaging across estimates without compromising the peak of the profile.
Averaging is beneficial as it essentially performs a low-pass filtering of the estimates, thus, avoiding the higher frequency
content, which usually is associated with noise. Noise cancellation can be used for deriving proper derivatives, and can
become important when moving into higher order derivatives. The effect of viscosity, which is related to second-order
differentiation, gets introduced when studying flow in smaller vessel where the influence from the wall is more prominent.
Therefore, pressure estimation by the Navier-Stokes equations should for those regions take the viscous forces into
account.

[0047] Theliterature indicated a 24% overestimation of the peak systolic pressure from commonly employed catheters.
The example herein showed results within 10% of the reference model and with a standard deviation of 4%, indicating
that the approach described herein obtains pressure measurements that are more reliable than an invasive catheter.
Superseding catheters in the clinic may eliminate the need for such invasive procedures and their appertaining X-ray
radiation for guidance of the catheter.

[0048] Figure 9 illustrates a method.

[0049] It is to be understood that the following acts are provided for explanatory purposes and are not limiting. As
such, one or more of the acts may be omitted, one or more acts may be added, one or more acts may occur in a different
order (including simultaneously with another act), etc.

[0050] At 1402, ultrasound imaging data is acquired. It is to be appreciated that ultrasound imaging data can be
acquired in near real-time and thus provides higher timer resolution data for superior filter, e.g., relative to MR and/or
other imaging modalities, where data is averaged data over time due to slower acquisition capabilities.

[0051] At 1404, vector velocity fields are determined from the acquired ultrasound imaging data. As described herein,
this includes 2-D and/or 3-D velocity vector fields determined using various approaches such a transverse oscillation,
plane wave, synthetic aperture, etc.

[0052] At 1406, temporal and spatial acceleration components are determined based on the velocity vector fields, as
described herein and/or otherwise.

[0053] At 1408, pressure gradients are estimated from the temporal and spatial acceleration components, as described
herein and/or otherwise.

[0054] At 1410, the pressure gradients are presented, as described herein and/or otherwise.

[0055] At 1412, one or more pressure drops are determined based on the pressure gradients, as described herein
and/or otherwise.

[0056] At 1414, the pressure drops are presented, as described herein and/or otherwise.

[0057] In another embodiment, acts 1410 and 1412 are omitted.

[0058] The pressure gradients and/or drops can be conveyed to another device. The other device can be a display,
hardware memory, another device, etc. In one instance, a pressure gradient and/or drop that crosses a predetermined
threshold level cause the other device to perform an act. For example, the drop may cause the other device to invoke
an alarm, transmit a notification to a smartphone, page, or the like, sense another physiologic parameter, etc.

[0059] The methodsdescribed herein may beimplemented via one or more processors executing one or more computer
readable instructions encoded or embodied on computer readable storage medium such as physical memory which
causes the one or more processors to carry out the various acts and/or other functions and/or acts. Additionally or
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alternatively, the one or more processors can execute instructions carried by transitory medium such as a signal or
carrier wave.

[0060] The application has been described with reference to various embodiments. Modifications and alterations will
occur to others upon reading the application. It is intended that the invention be construed as including all such modifi-
cations and alterations, including insofar as they come within the scope of the appended claims.

Claims
1. A method for determining pressure gradients with ultrasound data, the method comprising:

acquiring (1402) ultrasound data of a vessel;

generating (1404) a velocity vector profile for flow in the vessel with the ultrasound data;

computing (1406) an acceleration with the velocity vector profile, wherein the acceleration includes at least a
temporal acceleration, and computing the temporal acceleration includes:

transforming the velocity vector profile from a time domain to a frequency domain;

selecting a sub-set of the frequency components that satisfy predetermined energy criteria;

processing the selected sub-set by differentiating the selected sub-set;

transforming the differentiated selected sub-set back to the time domain thereby reducing noise from the
velocity vector profile; and

determining the temporal acceleration from the noise-reduced velocity data;

determining (1408) the pressure gradients with the computed acceleration; and
displaying (1414) an ultrasound image of the vessel with indicia indicative of the pressure gradients superim-
posed thereover.

2. The method of claim 1, wherein the pressure gradients are generated using the Navier-Stokes equation.

3. The method of claim 1 or 2, wherein the step of differentiating the selected sub-set includes differentiating selected
sinusoids, using:

N
v, (i,), t L .
v ((iltj )=;|vp(l.1)|2n)§,(t,1)sm(anp(l,])t_(pp(w))

where N represents a number of frequency components used in reconstructing a flow profile, Vp and P represent
an amplitude and a phase of the frequency component fp, (i,j) represents a position within the each velocity field,
and m represents an axial z or lateral x direction.

4. The method of claim 1, wherein the step of transforming of the differentiated selected sub-set back to the time
domain includes employing a trigonometric function that reconstructs the data back into the time domain.

5. The method of any one of claims 1 to 4, wherein the step of transforming the velocity vector profile to the frequency
domain includes applying a Fourier transform to the velocity vector profile.

6. The method of any of one of claims 1 to 5, wherein the step of selecting the sub-set of the frequency components
includes selecting only 4 to 16 of the frequency components.

7. The method of any one of claims 1 to 6, wherein the step of selecting the sub-set of the frequency components
include selecting a predetermined number of sinusoids with a highest energy.

8. The method of any one of claims 1 to 6, wherein the step of selecting the sub-set of frequency components include
selecting sinusoids with an energy in a predetermined range.

9. The method of any one of claims 1 to 8, wherein the acceleration further includes a spatial acceleration.
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The method of any one of claims 1 to 8, wherein the step of determining the pressure drop includes:

receiving an identification of a plurality of points of interest on the ultrasound image, wherein the plurality of
points of interest are respectively located behind a constriction of the vessel, within the constriction, and before
the constriction;

determining a pressure drop based on the pressure gradients for the plurality of points of interest;

visually identifying the plurality of points of interest on the displayed ultrasound image; and

displaying the determined pressure drop.

The method of any one of claims 1 to 8, wherein determining the pressure drop includes:

receiving a signal identifying a set of pixels in the image for a line along a long axis of the vessel;

determining a pressure drop by integrating over the pressure gradients corresponding to the identified set of
pixels;

repeating the acts of receiving and determining for each image frame; and

visually presenting the pressure drops as a function of time.

The method of claim 11, further comprising:

repeating the acts of receiving, determining, repeating and presenting for a plurality of different lines along the
long axis of the vessel each image frame; and
visually presenting the pressure drops as a pressure map.

The method of any one of claims 1 to 12, wherein the velocity vector profile is one of a 2-D or 3-D velocity vector profile.

The method of any one of claims 1 to 13, further comprising:
generating the velocity vector profile based on at least one of a transverse oscillation, a plan wave, or a synthetic
aperture algorithm.

An apparatus for determining pressure gradients with ultrasound data, the apparatus comprising:

a velocity estimator (113) that processes ultrasound image data acquired by an ultrasound imaging system and
generates velocity vector fields based thereon;

a temporal acceleration processor (208) that processes the velocity vector fields and generates a temporal
acceleration, wherein the temporal acceleration processor filters the velocity vector fields while determining the
temporal acceleration by transforming the velocity vector profile from a time domain to a frequency domain,
selecting a sub-set of the frequency components that satisfy predetermined energy criteria, processing the
selected sub-set by differentiating the selected sub-set and transforming the differentiated selected sub-set
back to the time domain;

a spatial acceleration processor (210) that processes the velocity vector fields and generates a spatial accel-
eration;

a pressure change estimator (202) that estimates pressure gradients for the ultrasound data based on a model
and the temporal and spatial accelerations; and

a display configured to display ultrasound image data and the pressure gradients estimates.

Patentanspriiche

1.

Verfahren zum Bestimmen von Druckgradienten mit Ultraschalldaten, wobei das Verfahren umfasst:

Erfassen (1402) von Ultraschalldaten eines Gefales;

Erzeugen (1404) eines Geschwindigkeitsvektorprofils fir Strémung im Gefall mit den Ultraschalldaten;
Berechnen (1406) einer Beschleunigung mit dem Geschwindigkeitsvektorprofil, wobei die Beschleunigung min-
destens eine zeitliche Beschleunigung einschliet, und das Berechnen der zeitlichen Beschleunigung ein-
schlief3t:

Transformieren des Geschwindigkeitsvektorprofils von einer Zeitdomane in eine Frequenzdoméane;
Auswahlen einer Untermenge der Frequenzkomponenten, die vorbestimmte Energiekriterien erfillen;

10



10

15

20

25

30

35

40

45

50

55

EP 3 273 863 B1

Verarbeiten der ausgewahlten Untermenge durch Differenzieren der ausgewahlten Untermenge;
Rucktransformieren der differenzierten ausgewahlten Untermenge in die Zeitdomane, wodurch Rauschen
vom Geschwindigkeitsvektorprofil reduziert wird; und

Bestimmen der zeitlichen Beschleunigung von den rauschreduzierten Geschwindigkeitsdaten;
Bestimmen (1408) der Druckgradienten mit der berechneten Beschleunigung; und

Anzeigen (1414) eines Ultraschallbildes des Gefafles mit auf den Druckgradienten hinweisenden Markie-
rungen daruber Uberlagert.

2. Verfahren nach Anspruch 1, wobei die Druckgradienten unter Verwendung der Navier-Stokes-Gleichung erzeugt
werden.

3. Verfahren nach Anspruch 1 oder 2, wobei der Schritt des Differenzierens der ausgewahlten Untermenge ein Diffe-
renzieren ausgewahlter Sinuskurven einschlielt, unter Verwendung von:

N
d..m '0 ': - . - - .
3 gt pt) _ Z|v,(t, Denfy e pysin(2nf 0.0t = 3,G.0)

p=1

wo N eine Anzahl von Frequenzkomponenten darstellt, die bei einer Rekonstruktion eines Strdomungsprofils ver-
wendet werden, Vp und P eine Amplitude und eine Phase der Frequenzkomponente fp darstellen, (i,j) eine Position
innerhalb jedes Geschwindigkeitsfeldes darstellt und m eine axiale z-oder laterale x-Richtung darstellt.

4. Verfahren nach Anspruch 1, wobei der Schritt des Rucktransformierens der differenzierten ausgewahlten Unter-
menge in die Zeitdomane ein Einsetzen einer trigonometrischen Funktion einschlielt, die die Daten zuriick in die
Zeitdomane rekonstruiert.

5. Verfahren nach einem der Anspriiche 1 bis 4, wobei der Schritt des Transformierens des Geschwindigkeitsvektor-
profils in die Frequenzdoméane ein Anwenden einer Fourier-Transformation auf das Geschwindigkeitsvektorprofil
einschliel3t.

6. Verfahren nach einem der Anspriiche 1 bis 5, wobei der Schritt des Auswahlens der Untermenge der Frequenz-
komponenten ein Auswahlen von nur 4 bis 16 der Frequenzkomponenten einschlieft.

7. Verfahren nach einem der Anspriiche 1 bis 6, wobei der Schritt des Auswahlens der Untermenge der Frequenz-
komponenten ein Auswahlen einer vorbestimmten Anzahl von Sinuskurven mit einer héchsten Energie einschlief3t.

8. Verfahren nach einem der Anspriiche 1 bis 6, wobei der Schritt des Auswahlens der Untermenge von Frequenz-
komponenten ein Auswahlen von Sinuskurven mit einer Energie in einem vorbestimmten Bereich einschlief3t.

9. Verfahren nach einem der Anspriiche 1 bis 8, wobei die Beschleunigung weiter eine rdumliche Beschleunigung
einschlief3t.

10. Verfahren nach einem der Anspriiche 1 bis 8, wobei der Schritt des Bestimmens des Druckabfalls einschlieft:

Empfangen einer Identifikation von einer Vielzahl von interessierenden Punkten auf dem Ultraschallbild, wobei
die Vielzahl von interessierenden Punkten sich jeweils hinter einer Verengung des Gefalles, innerhalb der
Verengung und vor der Verengung befinden;

Bestimmen eines Druckabfalls basierend auf den Druckgradienten fiir die Vielzahl von interessierenden Punk-
ten;

visuelles Identifizieren der Vielzahl von interessierenden Punkten auf dem angezeigten Ultraschallbild; und
Anzeigen des bestimmten Druckabfalls.

11. Verfahren nach einem der Anspriiche 1 bis 8, wobei das Bestimmen des Druckabfalls einschlief3t:
Empfangen eines Signals, das einen Satz von Pixeln im Bild fir eine Linie entlang einer Ladngsachse des

Gefalles identifiziert;
Bestimmen eines Druckabfalls durch Integrieren Uber die Druckgradienten, die dem identifizierten Satz von

1"
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Pixeln entsprechen;
Wiederholen der Vorgange des Empfangens und Bestimmens fir jedes Einzelbild; und
visuelles Prasentieren der Druckabfélle als eine Zeitfunktion.

12. Verfahren nach Anspruch 11, weiter umfassend:

Wiederholen der Vorgange des Empfangens, Bestimmens, Wiederholens und Prasentierens fir eine Vielzahl
von unterschiedlichen Linien entlang der Langsachse des Gefalies jedes Einzelbildes; und
visuelles Prasentieren der Druckabfélle als eine Druckkarte.

13. Verfahren nach einem der Anspriiche 1 bis 12, wobei das Geschwindigkeitsvektorprofil eines von einem 2D- oder
3D-Geschwindigkeitsvektorprofil ist.

14. Verfahren nach einem der Anspriiche 1 bis 13, weiter umfassend:
Erzeugen des Geschwindigkeitsvektorprofils basierend auf mindestens einem von einer transversalen Schwingung,
einer ebenen Welle oder einem synthetischen Apertur-Algorithmus.

15. Einrichtung zum Bestimmen von Druckgradienten mit Ultraschalldaten, wobei die Einrichtung umfasst:

einen Geschwindigkeitsschatzer (113), der Ultraschallbilddaten verarbeitet, die durch ein Ultraschallbildge-
bungssystem erfasst werden, und Geschwindigkeitsvektorfelder darauf basierend erzeugt;

einen zeitlichen Beschleunigungsprozessor (208), der die Geschwindigkeitsvektorfelder verarbeitet und eine
zeitliche Beschleunigung erzeugt, wobei der zeitliche Beschleunigungsprozessor die Geschwindigkeitsvektor-
felder filtert, wahrend er die zeitliche Beschleunigung durch Transformieren des Geschwindigkeitsvektorprofils
von einer Zeitdomane in eine Frequenzdoméane bestimmt, eine Untermenge der Frequenzkomponenten aus-
wahlt, die vorbestimmte Energiekriterien erfillen, die ausgewahlte Untermenge durch Differenzieren der aus-
gewahlten Untermenge und Ricktransformieren der differenzierten ausgewahlten Untermenge in die Zeitdo-
mane verarbeitet;

einen raumlichen Beschleunigungsprozessor (210), der die Geschwindigkeitsvektorfelder verarbeitet und eine
raumliche Beschleunigung erzeugt;

einen Druckanderungsschatzer (202), der Druckgradienten fiir die Ultraschalldaten basierend auf einem Modell
und der zeitlichen und raumlichen Beschleunigung schatzt; und

eine Anzeige, die konfiguriert ist, um Ultraschallbilddaten und die Druckgradienten-Schatzungen anzuzeigen.

Revendications
1. Procédé pour déterminer des gradients de pression a I'aide de données ultrasonores, le procédé comprenant :

'acquisition (1402) de données ultrasonores d’un vaisseau ;

la génération (1404) d’'un profil de vecteur de vitesse pour écoulement dans le vaisseau avec les données
ultrasonores ;

le calcul (1406) d’'une accélération avec le profil de vecteur de vitesse, dans lequel 'accélération inclut au moins
une accélération temporelle, et le calcul de I'accélération temporelle inclut :

la transformation du profil de vecteur de vitesse d’'un domaine temporel a un domaine fréquentiel ;

la sélection d’'un sous-ensemble des composantes de fréquence qui satisfont des criteres d’énergie
prédéterminés ;

le traitement du sous-ensemble sélectionné en différenciant le sous-ensemble sélectionné ;

la transformation du sous-ensemble sélectionné différencié de retour au domaine temporel réduisant ainsi
le bruit du profil de vecteur de vitesse ; et

la détermination de I'accélération temporelle a partir des données de vitesse a bruit réduit ;

la détermination (1408) des gradients de pression avec I'accélération calculée ; et

I'affichage (1414) d’'une image ultrasonore du vaisseau avec des indices indiquant les gradients de pression
superposés sur celle-ci.

2. Procédé selon la revendication 1, dans lequel les gradients de pression sont générés a l'aide de I'équation de
Navier-Stokes.

12
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Procédé selon la revendication 1 ou 2, dans lequel I'étape de différenciation du sous-ensemble sélectionné inclut
la différenciation de sinusoides sélectionnées, a 'aide de :

don(L),t) ) i )
_—t(uj_t) = Z'Bp(iol)lz'% (i, f)sin (anp(i, Nt =G, I))

p=1

ou N représente un nombre de composantes de fréquence utilisées pour la reconstruction d’un profil d’écoulement,
Vp et g, représentent une amplitude et une phase de la composante de fréquence fp, (i,j) représente une position
dans chaque champ de vitesse, et m représente une direction axiale z ou latérale x.

Procédé selon la revendication 1, dans lequel I'étape de transformation du sous-ensemble sélectionné différencié
de retour au domaine temporel inclut 'emploi d’une fonction trigonométrique qui reconstruit les données de retour
dans le domaine temporel.

Procédeé selon 'une quelconque des revendications 1 a 4, dans lequel I'étape de transformation du profil de vecteur
de vitesse dans le domaine fréquentiel inclut I'application d’'une transformation de Fourier au profil de vecteur de
vitesse.

Procédeé selon I'une quelconque des revendications 1 a 5, dans lequel I'étape de sélection du sous-ensemble des
composantes de fréquence inclut la sélection de seulement 4 a 16 des composantes de fréquence.

Procédeé selon I'une quelconque des revendications 1 a 6, dans lequel I'étape de sélection du sous-ensemble des
composantes de fréquence inclut la sélection d’'un nombre prédéterminé de sinusoides ayant une énergie la plus
élevée.

Procédé selon I'une quelconque des revendications 1 a 6, dans lequel I'étape de sélection du sous-ensemble de
composantes de fréquence inclut la sélection de sinusoides ayant une énergie dans une plage prédéterminée.

Procédé selon 'une quelconque des revendications 1 a 8, dans lequel I'accélération inclut en outre une accélération
spatiale.

Procédé selon I'une quelconque des revendications 1 a 8, dans lequel I'étape de détermination de la baisse de
pression inclut :

la réception d’'une identification d’'une pluralité de points d’intérét sur 'image ultrasonore, dans lequel la pluralité
de points d’intérét sont respectivement situés derriére un étranglement du vaisseau, dans I'étranglement et
avant I'étranglement ;

la détermination d’'une baisse de pression sur la base des gradients de pression pour la pluralité de points
d’intérét ;

l'identification visuelle de la pluralité de points d’intérét sur 'image ultrasonore affichée ; et

I'affichage de la baisse de pression déterminée.

Procédé selon'une quelconque desrevendications 1 a8, danslequel ladétermination de la baisse de pressioninclut :

la réception d’un signal identifiant un ensemble de pixels dans I'image pour une ligne le long d’un axe long du
vaisseau ;

la détermination d’'une baisse de pression par intégration sur les gradients de pression correspondant a I'en-
semble de pixels identifié ;

la répétition des actions de réception et de détermination pour chaque trame d’image ; et

la présentation visuelle des baisses de pression en fonction du temps.

Procédé selon la revendication 11, comprenant en outre :

la répétition des actions de réception, de détermination, de répétition et de présentation pour une pluralité de
lignes différentes le long de I'axe long du vaisseau pour chaque trame d'image ; et

13
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la présentation visuelle des baisses de pression comme carte de pression.

13. Procédé selon I'une quelconque des revendications 1 a 12, dans lequel le profil de vecteur de vitesse est I'un parmi
un profil de vecteur de vitesse 2-D ou 3-D.

14. Procédé selon l'une quelconque des revendications 1 a 13, comprenant en outre :
la génération du profil de vecteur de vitesse sur la base d’au moins un parmi une oscillation transversale, une onde
de plan, ou un algorithme d’ouverture synthétique.
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15. Appareil pour déterminer des gradients de pression avec des données ultrasonores, I'appareil comprenant :

un estimateur de vitesse (113) qui traite des données d’images ultrasonores acquises par un systéme d’imagerie
ultrasonore et génere des champs de vecteur de vitesse sur la base de celles-ci ;

un processeur d’accélération temporelle (208) qui traite les champs de vecteur de vitesse et génére une acce-
lération temporelle, dans lequel le processeur d’accélération temporelle filtre les champs de vecteur de vitesse
tout en déterminant I'accélération temporelle en transformant le profil de vecteur de vitesse d’'un domaine
temporel a un domaine fréquentiel, sélectionnant un sous-ensemble des composantes de fréquence qui satisfont
des critéres d’énergie prédéterminés, traitant le sous-ensemble sélectionné en différenciant le sous-ensemble
sélectionné et transformant le sous-ensemble sélectionné différencié de retour dans le domaine temporel ;
un processeurd’accélération spatiale (210) quitraite les champs de vecteur de vitesse et génere une accélération
spatiale ;

un estimateur de changement de pression (202) qui estime des gradients de pression pour les données ultra-
sonores sur la base d’'un modéle et des accélérations temporelles et spatiales ; et

un dispositif d’affichage configuré pour afficher des données d’'images ultrasonores et les estimations de gra-
dients de pression.

14
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