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ABSTRACT

Background and objective: Ultrasound based blood velocity estimation is a continuously developing fron-
tier, where the vast number of possible acquisition setups and velocity estimators makes it challenging
to assess which combination is better suited for a given imaging application. FLUST, the Flow-Line based
Ultrasound Simulation Tool, may be used to address this challenge, providing a common platform for
evaluation of velocity estimation schemes on in silico data. However, the FLUST approach had some lim-
itations in its original form, including reduced robustness for phase sensitive setups and the need for
manual selection of integrity parameters. In addition, implementation of the technique and therefore also
documentation of signal integrity was left to potential users of the approach.

Methods: In this work, several improvements to the FLUST technique are proposed and investigated, and
a robust, open source simulation framework developed. The software supports several transducer types
and acquisition setups, in addition to a range of different flow phantoms. The main goal of this work is to
offer a robust, computationally cheap and user-friendly framework to simulate ultrasound data from sta-
tionary blood velocity fields and thereby facilitate design and evaluation of estimation schemes, including
acquisition design, velocity estimation and other post-processing steps.

Results: The technical improvements proposed in this work resulted in reduced interpolation errors, re-
duced variability in signal power, and also automatic selection of spatial and temporal discretization pa-
rameters. Results are presented illustrating the challenges and the effectiveness of the solutions. The in-
tegrity of the improved simulation framework is validated in an extensive study, with results indicating
that speckle statistics, spatial and temporal correlation and frequency content all correspond well with
theoretical predictions. Finally, an illustrative example shows how FLUST may be used throughout the
design and optimization process of a velocity estimator.

Conclusions: The FLUST framework is available as a part of the UltraSound ToolBox (USTB), and the results
in this paper demonstrate that it can be used as an efficient and reliable tool for the development and
validation of ultrasound-based velocity estimation schemes.

© 2023 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

addition to tools for simulation of ultrasound pressure fields [1,2],
several ultrasound imaging simulators are available [3-8], although

Within the medical ultrasound imaging community, ultrasound
simulations are widely used during the development and valida-
tion phase of new technology, ranging from innovative ultrasound
transmission sequences and new transducer designs to blood flow
imaging and velocity measurements. With the use of simulated
data, effects of different design choices can easily be studied. In
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not necessarily open-source, each with their own specifics, under-
lying theory and assumptions.

Ultrasound-based blood flow imaging is one of the most impor-
tant and often-used modes on a clinical ultrasound scanner. Due
to its importance, the medical ultrasound community is continu-
ously searching for new and improved ways to detect and quantify
blood flow, resulting in a vast number of proposed velocity estima-
tors. Many velocity estimation techniques are based either on the
autocorrelation [9] or the cross-correlation [10] approach, but tai-
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lored to suit a given application [11-17]. Others could be based on
a combination of the two approaches [18-20] or on Fourier filter-
ing techniques [21-23].

The performance of any velocity estimator may depend on
many factors, such as estimator design, imaging application, flow
complexity, probe design, acquisition setup and beamforming pa-
rameters. In addition, estimators are often tuned to a specific ap-
plication of interest and performance assessment done based on
data sets that are not publicly available. Consequently, there are
a vast number of publications describing an increasing number of
velocity estimators, but no established methodology for comparing
estimator performances between publications. This makes it chal-
lenging to evaluate which imaging acquisition and velocity estima-
tor to use in a new application, and leads to repeated investiga-
tions of similar problems.

The lack of common data sets was one of the driving forces
for imaging challenges such as PICMUS [24] in 2016 and SAVFI
[25] in 2018, in which simulated, phantom and in vivo data sets
were made openly available, and standardized performance met-
rics were used to evaluate the contributions. In these challenges,
a fair comparison of the different approaches was possible. How-
ever, the results and conclusions were limited to the specific data
sets and acquisition setups used, and can therefore not be used as
foundation for a comprehensive comparison of all new or existing
velocity estimation schemes.

To investigate and quantify the performance of an estimator, of-
ten the behaviour over several estimates is investigated. The bias
and variance of the estimator are determined, as described in e.g.
[25], assuming the estimates are independent. To obtain a conclu-
sive statistical assessment of estimator performance, a sufficient
number of estimates should be taken into account. A single esti-
mate is typically based upon a number of emitted pulses, called an
ensemble, to reduce the variance caused by the underlying speckle
variations. In addition, to get a measure of the true bias and vari-
ance of an estimator, many ensembles from a stationary flow field
are required. This means that when using in silico flow models and
ultrasound simulations to assess these properties, several realiza-
tions of the same flow field must be generated to yield conclusive
results.

With the gradual increase in computational power, there has
been a trend towards using increasingly complex flow models
when investigating new or existing ultrasound blood velocity esti-
mators. Through coupling with computational fluid dynamics (CFD)
models, simulations can be performed yielding realistic ultrasound
images and Doppler signals from complex blood flow [26]. An ad-
vantage of these sophisticated in silico models is that they provide
a good representation of realistic in vivo flow fields, and can there-
fore give a good indication of overall performance of an estima-
tor. However, it can be challenging to decompose the results into
correct sources of error contributing to the final performance. It is
also difficult to predict the effect of slight changes to the flow ve-
locities or patterns, such as different velocity gradients, changes in
geometry and out-of-plane motion. Another disadvantage is that
running realistic flow simulations can be time-consuming. Con-
sequently, results are often based on single, or a small number
of flow field realizations, yielding performance indicators that are
strongly affected by variance.

Aiming to reduce runtime while preserving integrity, the flow
line-based simulation approach was introduced in a previous work
[27] by Avdal et al. The FLUST technique enables multiple realiza-
tions of signals from both simple and complex flow models at low
computational cost, facilitating the calculation of statistical expec-
tation values and the variance of a velocity estimator at any point
in the in silico flow field.

In this work we describe the advancement of the theoreti-
cal foundation and initial implementation of FLUST towards an
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easy-to-use, robust simulation software package available as open-
source code for the wider community. Important implementation
details are described to ensure users are well informed about the
software design, to allow them to review design choices and fa-
cilitate adaptation of the open-source code by advanced users.
Furthermore, we illustrate FLUST’s application in the development
of novel ultrasound blood flow imaging schemes and estimators,
where, not different from any other biomedical research, exten-
sive optimization and validation is an essential step prior to clini-
cal translation of developed technologies. The FLUST package is ac-
companied by examples describing a range of transducer types, ac-
quisitions and flow phantoms. This will support the user in setting
up and running ultrasound simulations of both simple and com-
plex flow scenarios, avoiding duplication of effort.

One limitation of the initial approach was the need for care-
ful selection of spatial and temporal time steps in the simulation
chain to avoid significant interpolation errors and speckle artefacts
in the resulting simulated data. This was particularly challenging
for phase sensitive acquisition setups. Another factor limiting the
use of the FLUST technique was the lack of features ensuring sig-
nal integrity, which in the original implementation depended on
manually selected parameters. Without such features, verification
of the integrity of the simulated data would be left to each user
prior to any further use of FLUST.

In this work, these shortcomings are addressed. First, we pro-
pose an additional phase modulation step in the simulation chain
to significantly reduce the impact of interpolation errors. This fa-
cilitates a significant reduction in FLUST simulation time with-
out compromising the integrity of the results. Second, we pro-
pose methods for automatic selection of spatial and temporal dis-
cretization steps to assure the integrity of the FLUST simulator
and resulting Doppler signals, features that also improve the user-
friendliness of the framework. Third, we propose a weighting ap-
proach to reduce the variability of signal power between different
flow lines. Thereafter, the impact of the proposed improvements
on FLUST simulations is assessed, and the integrity of the result-
ing simulated data is quantified. With the improvements proposed
in this work, the FLUST framework may contribute to accelerate
development and assessment of novel velocity estimators and fa-
cilitate the process of comparing performance of estimators, even
from different acquisition schemes.

Section 2 starts with a description of the FLUST framework and
a reiteration of the FLUST simulation technique and its motiva-
tion, before proposing a series of important features in the FLUST
framework that ensures user independent integrity of the simu-
lated 1Q Doppler signals. Section 3 motivates and describes the
simulation setups and validation techniques used in this work. In
Section 4 simulation results are presented that illustrate the under-
lying issues of the original approach, the effectiveness of the pro-
posed solutions, and an extensive integrity study of the Doppler
signals produced by the FLUST framework. Furthermore, this sec-
tion ends with two illustrative examples of FLUST, showing its po-
tential in the design process of velocity estimators. For the second
example, a runtime comparison is made with the often used FIELD
Il software. Results are discussed in Section 5 and Section 6 con-
cludes the paper.

2. FLUST
2.1. The FLUST simulation framework

The purpose and novelty of the FLUST framework is its ability
to produce multiple realizations of high integrity 1Q Doppler sig-
nals from simple or complex flow fields at low computational cost.
It utilizes other sources such as Field II [3,4], SIMUS [5], or water
tank measurements for generation of point spread functions (PSFs),
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Table 1
The steps of the FLUST method .
Steps Parameters Output
1: PSF calculation Acquisition setup, flow geometry, PSF density sp = PSFs on regular spatial grid along flow line
2: Interpolation of PSFs Doppler PRF, flow velocity, oversampling factor st : PSFs on regular temporal grid along flow line
3: Temporal convolution Number of realizations, ensemble size sr : Realization for one flow line

4: Repeat for all flow lines and sum Flow line weighting

s : Realization for all flow lines

which are ultrasound radiofrequency (RF) signals from single scat-
terers. FLUST is distributed as a part of the UltraSound ToolBox
(USTB), which is an open source MATLAB toolbox for processing
of ultrasonic signals [28]. Transparency and reproducibility of re-
sults are key elements in both the FLUST and USTB projects, and
the code (found at http://www.ustb.no/flust) includes customizable
acquisition setups and flow phantoms, as well as tools for valida-
tion of (Doppler) signal integrity, estimator performance, and vi-
sualization. The repository includes examples of simulation setups
with a range of in silico flow phantoms, various arrays and trans-
mission/acquisition sequences. The setups can be adapted by the
user for a given purpose, and may be used both for research and
teaching purposes.

2.2. The inner workings of FLUST

FLUST can produce multiple realizations of the received ultra-
sound signal from a stationary flow field. This is achieved by de-
composing the flow field into flow lines instead of individual point
scatterers. For each flow line F, scatterers are seeded at equidis-
tant points with distance Ar at which PSFs are calculated (Step 1).
Let the 1Q demodulated PSFs be denoted by s (df,r), with r de-
noting pixel position and dr denoting the propagated distance of
the scatterer along flowline F. The pre-calculated PSFs are then in-
terpolated to a regular temporal grid with sampling interval At,
resulting in the sampled signal s‘F from a single scatterer moving
along F (Step 2)

sk(k,r) = I{sk}(dr (kAL), 1), k € Z. (1)

Here dr(t) denotes the position of the scatterer at time t and I{s}.}
denotes the interpolant agreeing with s at equidistant scatterer
positions along F. The index k denotes the temporal sample index
within an ensemble, corresponding to successive ultrasound trans-
missions in the same direction. In step 3, the signal sp from multi-
ple scatterers moving along F is produced by applying a temporal
filter to s,

SF = M ¢ Sk, (2)

where the convolution is applied along the temporal dimension.
Each entry of n is a real valued random variable with Gaussian
distribution, representing the scattering strength of single scatterer
entering the flow line at that time point.

The signal sg is then one realization of the spatiotemporal ul-
trasound signal, also called the Doppler ensemble, from flow line
F. In step 4, steps 1-3 are repeated for all flow lines and the re-
sulting signals are summed to produce a full flow field realization
s

s= Z WESF (3)

FeQ

where wr is a weighting function used to ensure incompressibility
and conservation of mass, as described in Section 2.6. The number
of flow lines in 2 is determined by the size of the flow phantom
and the spacing between flow lines, set to A/2 at the flow phan-
tom inlet. Generating multiple ensemble realizations of the same
flow field is computationally cheap as it only requires repeating
steps 3 and 4 with different temporal filters n. The FLUST steps are

illustrated in Fig. 1 and summarized in Table 1. A more elaborate
description of the underlying theory can be found in the work by
Avdal et al. [27].

2.3. The need for multiple realizations and high integrity signals

The output of FLUST is multiple realizations of the IQ Doppler
signal s at all image points, from a known flow field. By applying
a velocity estimator to these realizations, it is possible to quantify
the performance of the estimator in terms of bias and variance. In-
creasing the number of realizations improves the integrity of the
performance evaluation. More precisely, applying a velocity esti-
mator to a pixel or region in realization i yields a velocity estimate
v; that is a stochastic variable following a probability distribution
P

vi ~ P, 0?). (4)

Here u and o2 denote the mean and variance of P. Note that the
estimator v; may have a non-zero bias, in which case p would dif-
fer from the true velocity. Applying the velocity estimator to all N
realizations and averaging the result yields the new estimator

1 N
N _ .
v = N ?ﬂ v;. (5)

As N increases, the probability distribution corresponding to vN
will converge towards a normal distribution with the same mean
as v;, but with variance reduced by a factor of N.

W~ N (i, 52/N). (6)

Consequently, the estimate vN yields a better approximation of the
expectation value p than those from individual realizations v;, and
improves with increasing number of realizations N. A similar anal-
ysis can be used to show that estimation of the variance o2 also
improves with increasing N. Because the FLUST simulator is able
to produce multiple realizations of the same flow field efficiently,
it becomes easier to obtain estimates of i and o that themselves
have low bias and variance.

In addition to a large number of realizations, an important pre-
requisite for high integrity evaluation of estimators is that each
individual 1Q signal itself has high integrity. The original FLUST
method [27] had multiple user-defined parameters influencing the
signal integrity. To enable a more widespread use of FLUST, steps
have been taken to automate determination of parameters that are
essential to the integrity of the simulated data. In the following
sections, we describe the most important sources of error and how
they are handled by the FLUST framework.

2.4. Interpolation errors and proposed FLUST solutions

As illustrated in Fig. 1, FLUST uses interpolation of PSFs calcu-
lated on a regular spatial grid with sampling distance Ar along
a flow line F, to produce the signal from a single scatterer mov-
ing along F on a regular temporal grid with interval At. Signifi-
cant interpolation errors may arise if the spacing Ar between the
precalculated PSFs along flow lines is too large, which again may
cause errors in the magnitude and phase information in the re-
sulting simulated IQ signals. Two steps have been taken to limit
the effect of interpolation errors.
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Fig. 1. Step-wise illustration of FLUST: For a given flow line, PSFs are calculated for scatterer positions (using e.g. Field II[4], SIMUS|5], or even water tank measurements)
distributed along the flow line with spacing Ar. The signal from a single scatterer moving along the flow line is obtained by interpolation to a temporal grid with interval
At. In the next step, a temporal filter is applied to obtain the signal from multiple scatterers moving along the flow line, yielding one realization of a single flow line. To
produce a full flow field realization, the signal from all flow lines are summed. By repeating the two last steps, the desired number of ensemble realizations can be obtained

at a low computational cost. The first two steps are illustrated with low spatial and temporal density for visualization purposes.

2.4.1. Reducing phase interpolation errors

The phase of the main lobe of a PSF is dependent on the trans-
mit and receive directions and the spatial position of the point
scatterer. This phase is typically used in Doppler imaging for ve-
locity estimation, and may be written as

B(r i, ) = 201 (g + ) ™)

Here fy is the pulse center frequency, c is the speed of sound, r
is the position of the scatterer, and u;, and u,, are unit vectors in
the transmit and receive direction, respectively.

Interpolation errors due to rapid phase variations may signifi-
cantly reduce the integrity of the Doppler signals. To minimize this
effect, we suggest multiplying the PSFs with a corresponding phase
factor e~ before the interpolation in step 2, and reapplying the
phase to the PSFs after interpolation. The expression in (1) is thus
modified to

st.(k, 1) = I{ske" @} (dr (kAL), 1) e k € Z. (8)

This approach will result in a slower phase variation of the PSFs
as a function of position along the flow line. As a consequence, for
a predefined acceptable interpolation error value, the required PSF
spacing Ar may be significantly increased.

2.4.2. Reducing spatial interpolation errors

To reduce potential interpolation errors further, we have intro-
duced calculation of a recommended distance Ar between PSF po-
sitions along flow lines prior to step 1. To achieve this, PSFs are
calculated for P positions spaced 10 wm apart along straight lines
in the axial and lateral directions, both centered around the cen-
troid ¢y of the flow field of interest. The PSFs are evaluated at ¢,
producing reference temporal, or slow-time, signals s; and s, cor-
responding to scatterers moving in the axial and lateral directions,
sampled at spatial intervals of 10 pwm. A series of interpolation
functions are then defined, corresponding to linear interpolation
with different sampling rates. Linear interpolation with an under-
sampling rate of k may be described as filtering a zero-filled un-
dersampled signal using a triangle function h;, as kernel, with

k- |n|

hk (Tl) = k

,Vn e [—k, k]. (9)

The interpolation errors for the different undersampling rates may
now be estimated as the energy loss associated with the filtering
operation

I[P i
IIsill

where i = 1, 2 corresponds to the axial and lateral dimensions, re-
spectively. The recommended PSF spacing is determined by find-
ing the largest undersampling factor k yielding interpolation errors
E1(k) and E, (k) that are both smaller than a predefined threshold,
for instance 4%.

Ei(k) =1- ,i=1,2, (10)

2.5. Temporal sampling and proposed FLUST solution

After the second step of FLUST method, the resulting signal con-
sists of PSF functions along a flow line on a regular temporal grid.
Given that the transit time of the scatterer through a sample vol-
ume is large compared to the temporal step size At, the signal
st. from the scatterer moving along the flow line will be suffi-
ciently sampled. However, if the transit time is low compared to
At, i.e. when a scatterer passes through the sample volume in a
very low number of slow-time samples, the signal will be under-
sampled. Consequently, the resulting realization sy after step three
will not sufficiently represent the phase variation in signal compo-
nents resulting from multiple scatterers entering the sample vol-
ume at slightly different time points.

As a solution to this problem, we propose that the temporal
grid resolution Aty for flow line F should be selected such that
any scatterer should never be displaced by more than the spatial
discretization step Ar between consecutive temporal samples.

Ar

Atp < —
o
UF

(11)

where V] is the highest scatterer velocity along flow line F. This
requirement ensures that the phase variation between temporal
samples is limited.

As a practical choice, it is proposed that Atr should yield a
slow-time sampling rate that is the smallest integer multiple of
the desired firing rate of the simulation satisfying the above con-
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dition. Thereafter, the realizations may be produced by decimating
the simulated signal, avoiding further interpolation errors.

2.6. Flow line weighting and proposed FLUST solution

In the third step of the FLUST method, realizations of the sig-
nal from a single flow line are generated using convolution with a
temporal filter. As discussed in 2.2, each entry of n represents the
backscattered signal magnitude from a scatterer entering the flow
line at that time point.

When using FLUST, one scatterer enters the flow line every time
step At, and the time each scatterer spends in a sample volume is
inversely proportional to the scatterer velocity v. It follows that the
scatterer density o from a sample volume satisfies

P x VAL (12)
It is assumed that the mean power in an image pixel is propor-
tional to the number of scatterers that are simultaneously within
the corresponding sample volume [29,30]. Without any weighting,
a low velocity flow line will thus tend to have a higher signal
strength than a high velocity flow line. However, blood is assumed
incompressible, and therefore the average power of each flow line
should be the same. A weighting function for flow line F, compen-
sating for the scatterer density in (12), is

Wr = VFAAFAL, (]3)

where vg is the velocity at the inlet of flow line F and AAf is the
area of the corresponding cross-section represented by F at this
inlet. If the flow lines are uniformly spaced at the inlet, the factor
AAr may be skipped. The weights wg are applied when summing
the signals from individual flow lines, as shown in (3).

3. Methods

A series of simulations were performed to illustrate the issues
discussed above, show the effectiveness of the proposed solutions,
and assess the integrity of the FLUST approach. The different se-
tups and their motivation is described in the following. Unless ex-
plicitly stated, FLUST simulations were performed using PSFs gen-
erated from Field II. An overview of the parameters used for the
different simulation setups is included in Table 2.
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3.1. Interpolation errors

Two setups were used to illustrate the effect of interpolation
errors. First, a series of single flow line simulations were run, in
which the spatial step size (Ar) for PSF scatterer positions along a
flow line were 5, 25, 65 and 105 pum. The flow line had a beam-
to-flow angle of 60 degrees, passed through the point (x,z) = (0 m,
0.02 m) and had a constant velocity such that point scatterers
moved a distance of 5 um between consecutive slow-time sam-
ples. The effect of interpolation errors was then assessed on the
PSF signal st with regular temporal grid. When using a PSF step
size of 5 pum, all time points evaluated will coincide with a pre-
calculated PSF scatterer position. The signal will then have no in-
terpolation error and can be considered as a reference signal. For
the other three step sizes, however, only a subset of time points
will coincide with pre-calculated PSF position, and the rest will be
generated using interpolation.

The second setup was used to assess the effect of interpolation
errors on the flow field realizations s and corresponding slow-time
spectra. A simulation was run using a 2-D gradient tube phantom
with diameter 6 mm, beam-to-flow angle 60 degrees and velocities
ranging from 0.2 m/s to 0.5 m/s.

3.2. Temporal sampling

To visualize clearly the effect and necessity of temporal, or
slow-time, oversampling, a setup was designed in which the dis-
placement of point scatterers was large between consecutive slow-
time samples. In order to achieve this, a 2-D plug flow tube phan-
tom with diameter of 1 mm, beam-to-flow angle of 60 degrees
and velocity of 3 m/s was used. The corresponding acquisition
setup used a single plane wave with no steering, pulse center fre-
quency of 5 MHz and a firing rate of 4 kHz. With this setup,
the selected step length between calculated PSF functions was
160 pum, whereas the displacement of scatterers between con-
secutive slow-time samples was 750 pum. Simulations were per-
formed with and without slow-time oversampling, using temporal
discretization steps of 50 u s (temporal grid size according to (11))
and 250 pu s, respectively. To illustrate the effect, 100 ensemble re-
alizations were produced with and without oversampling. Then, for
each pixel, lag 1 auto-correlation phase estimates were calculated

Table 2
All simulation setups .
Setup Interpolation ~ Oversampling ~ Weighting ~ Weighting  Integrity 1 Integrity 1 Integrity 2 Example
error (tube) (disk) Cross-corr auto-corr (phase) (design)
Number of realizations 1/100 100 100 100 100 100 100 10, 2000
Ensemble size 40 40 40 40 40 40 40 10
Transmit frequency [MHz] 6 5 5 5 5 5 3,5,10 6, 12
Number of pulse cycles 1.5 4.5 1.5 1.5 1.5 5.5 5.5 4.5
Element pitch [pum] 250 200 200 200 200 200 200 100, 200
Element height [mm)] 5 5 5 5 5 5 5 5
Number of elements 160 192 192 192 192 192 192 128, 256
Transmit angles [degrees] -15 0 0 0 0 0 -20, -10, 0, 10, 20 -10
Receive angles [degrees] 0 0 0 0 0 0 -20, 0, 0,0, 20 -10
Receive F-number 0.5 2 0.5 0.5 1 3 3 1
Doppler PRF [kHz] 6 4 12 12 8 8 2 12
Phantom type Line/Tube Tube Tube Disk Tube Tube Tube Tube
Flow angle [degrees] 60 60 90 N/A 0 0 0, 30, 60, 90 70
Phantom depth [mm)] 20 20 20 20 20 20 20 20
Phantom diameter [mm] 0.1/6 1 6 6 6 6 0.5 2
Flow line spacing [mm] 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1, 0.05
PSF interpolation error limit [%] N/A 4 4 4 4 4 4 4
Minimum velocity [cm/s] 3/20 300 10 20 50 50 7.5, 15, 225, 30, 375,45 5
Maximum velocity [cm/s] 3/50 300 70 100 50 50 7.5, 15, 22.5, 30, 37.5, 45 60
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as
N-1

ZR(1) =2 sim)se(n+1) (14)
n=1

and mean power Doppler as

N-1

P=>"|sc(m)]?, (15)
n=1

where s; denotes the slow-time signal.

3.3. Flow line weighting

As shown in (13), the parameters affecting the expected power
level of a flow line include the flow line length, the propagation
time for a single scatterer passing through the flow line and the
temporal step size. Two different simulations were run to illus-
trate the necessity of flow line weighting. The first was a tube
phantom with gradient flow in which all flow lines have the same
length, but the propagation time varies. The second was a spinning
disk phantom in which all flow lines have different length, but the
propagation time is the same. The velocities of the phantoms were
selected such that no temporal oversampling was necessary for the
gradient flow phantom, whereas the outermost line in the spinning
disk phantom had a temporal oversampling factor of two.

3.4. Signal integrity study 1

A series of simulations were run to verify the integrity of the
resulting 1Q signals. First, a tube phantom with constant axial ve-
locity of 0.5 m/s and diameter 6 mm was simulated using two dif-
ferent acquisition setups, both using a single plane wave transmis-
sion and a pulse center frequency of 5 MHz. The first setup used
1.5 pulse cycles and an F-number of 1, yielding higher resolution
more suitable for a cross-correlation based velocity estimator. The
second setup used 5.5 pulse cycles and an F-number of 3, which
is more suitable for an auto-correlation based estimator. A total of
100 realizations of the flow field were simulated, each containing
40 slow-time samples. Noise was added to the realizations, pro-
ducing signals with a signal-to-noise ratio of 10 dB.

To assess the integrity of the signal from both setups for use
with a cross-correlation based estimator, an M-mode signal s,; was
produced by extracting the signal along a straight line in the flow
direction for all slow-time samples. The 2-D spatio-temporal auto-
correlation of this signal was then calculated as

R (m, u) = (sy;(r.n) sy(r + m,n+u)) (16)

where sp(r,n) is the M-mode signal at spatial position r along
the straight line and temporal sample n. The signal Ryx should be
strong when the ratio between the spatial lag m and the temporal
lag u is equal to the flow velocity v. Thus, for an appropriately de-
signed acquisition setup, the energy of Ryyx should be concentrated
around a straight line with slope v.

The integrity of the simulated signal from both setups for use
with an auto-correlation based velocity estimator was studied by
selecting a rectangular kernel K of 21 x 21 pixels, corresponding to
1.6 mm x 1.6 mm, from the middle of the tube. For all pixels in
this kernel, the lag 1 auto-correlation phase angle was estimated
using (14), and the spectral power was estimated as

2

N
Se(@) = |3 se(myeiondt] (17)
n=1

where At is the slow-time sampling, N is the ensemble size and
s¢ is the full flow field realization slow-time signals. The spectral
power was averaged over all pixels in K and over all realizations.
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The reference phase angle corresponding to the acquisition setup
and the true velocity vector v is given by
T

R(1) = 20y (U + Tx) - v, (18)
where vy is the Nyquist velocity

cPRF
Uy = e (19)

Here c is the speed of sound, PRF refers to the Doppler PRF, and fj
is the pulse center frequency.

3.5. Signal integrity study 2

To further verify that the slow-time phase behavior of the sim-
ulated signals is correct for different acquisition setups, a series of
small tube (0.5 mm diameter) simulations with varying flow veloc-
ities, flow directions and pulse center frequencies were generated.
The acquisition was a plane wave setup with five transmission di-
rections ranging from -20 to +20 degrees with steps of 10 degrees.
The receive steering angles were [-20, 0, 0, 0, 20] degrees, yielding
five combinations of transmit and receive angles. The firing rate
of the system was 10 kHz, yielding a Doppler PRF of 2 kHz. The
setup, while not necessarily useful in a practical setting, was de-
signed to verify that the slow-time signal has the expected behav-
ior for different combinations of transmit and receive steering an-
gles. The setups included six different velocities, four different flow
directions, and three different pulse center frequencies, resulting
in a total of 72 different simulation conditions. For each condition,
100 realizations were generated, each consisting of 40 slow-time
samples. For each condition and per transmit-receive combination,
the lag 1 auto-correlation phase angle was calculated according to
(14) within a kernel region of 11 x 11 pixels (0.8 x 0.8 mm) and
averaged over 100 realizations. Results were compared to refer-
ence phase values obtained using (18). All FLUST simulations were
performed twice, first using point spread functions generated from
Field II [3], then from the MUST simulator [5].

3.6. Using FLUST: An example of probe and acquisition design

Two alternative imaging setups are considered: Alternative 1
(A1) is a high resolution, low penetration setup with pitch of
100um, center frequency of 12MHz and 256 elements. Alterna-
tive 2 (A2) is a low resolution, high penetration setup with a trans-
ducer pitch of 200um, a center frequency of 6MHz and 128 el-
ements. Flow in a straight tube with parabolic velocity profile is
simulated, using angled plane wave transmissions with equal aper-
ture sizes for the two alternative setups, see details in Table 2. The
FLUST simulations are used to assess which of the two alternative
designs yields axial velocity estimates with highest accuracy and
precision. The velocity estimator assessed in this example is the
autocorrelation estimator [9], where

_ZR(D)

ax —

UN. (20)

3.7. Using FLUST: Runtime comparison

Imaging setup A2 and the flow phantom described in 3.6 are
further used to illustrate the difference in runtime between FLUST
and Field II at an increasing number of realizations. FLUST was run
and timed for 2, 20, 200, 2000 and 20,000 realizations. Using a
tube diameter of 2 mm and a flow line spacing of 0.1 mm, each
flow field realization is thus based on 21 flow lines. The tolerable
threshold for interpolation errors was set to 4%, resulting in pre-
calculation of PSFs with a sampling distance Ar of 60 um. With
the imaging setup yielding a resolution of 0.26x 0.58 mm, this
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Fig. 2. The two leftmost panels show examples of PSF interpolation errors in step 2 of the FLUST technique as a function of spatial sampling distance (Ar) for scatterers
moving in axial and lateral directions. Interpolation errors are shown with phase correction (black with star markers) and without phase correction (gray with crossed
markers). Zoomed in versions are shown in the two rightmost panels. Using an upper limit on interpolation error of 4%, the required spacing would be 11 um without
phase correction. With phase correction, the PSF spacing can be increased to 67.5 um while yielding the same interpolation errors.

resulted in precalculation of approximately 25 PSFs per resolution
cell for the FLUST simulations. Field Il was run and timed using the
same phantom and imaging setup for a single realization, utilizing
the standard point scatterer density value of 10 point scatterers per
resolution cell. Runtime values for Field Il were obtained by mul-
tiplying the single-realization runtime with the desired number of
realizations (2, 20, 200, 2000 and 20000). Simulations were all run
on an Intel(R) Xeon(R) Platinum 8260 CPU with 192 GB RAM avail-
able.

4. Results
4.1. Interpolation errors

Fig. 2 shows examples of interpolation errors calculated accord-
ing to (10), for scatterers along axial and lateral directions, as a
function of spatial sampling distance Ar. Interpolation errors with
and without phase correction are shown in black and grey respec-
tively. The predefined threshold for acceptable interpolation error
could for instance be 4%, and the corresponding required PSF spac-
ing read out from the right panels of Fig. 2. Without phase correc-
tion, the figure shows that the limiting factor would be the axial
interpolation error, yielding a required spacing would of 11 pm.
With phase correction, the limiting factor would be the lateral in-
terpolation error, and the required spacing would be increased to
67.5 um. Incorporating phase correction would in this example en-
able reduction of the run time with a factor of approximately 6
without compromising the integrity of the simulated data.

The interpolated signals corresponding to different spatial PSF
densities are shown in Fig. 3. When using phase correction, both
the magnitude and phase of the IQ signal are largely preserved
when using a spatial step size of 65 wm. Using a step size of
105 pum yields a small change in the magnitude, but still largely
retains the phase information of the signal. In contrast, when not
using phase correction, the magnitude is significantly changed for
a step size of 25 um, significant phase changes are observed for
a step size of 65 um, and the phase of the signal is severely dis-
torted for a step size of 105 wm. Note that when using phase cor-
rection (left column), the spatial sampling distances in Fig. 3 cor-
respond to interpolation errors of 0%, 0.6%, 3.6% and 9.5%, respec-
tively.

The impact of interpolation errors on the corresponding slow-
time Fourier spectra is shown in the bottom row of Fig. 3. When
using phase correction, the slow-time spectra are largely unaf-
fected by the evaluated spatial step sizes. When not using phase
correction, broadening of the spectra is observed when using a
step size of 65 pum, and the center frequency changes significantly
when using a step size of 105 pum.

4.2. Temporal oversampling and flow line weighting

Fig. 4 shows average power and lag 1 autocorrelation phase
estimates for a simulated small tube phantom with velocities of
3 my/s. Without temporal oversampling, distinct stripe artifacts
may be observed both in power and phase images. When using
oversampling, no such stripe artifacts are visible.

Fig. 5 shows power Doppler images averaged over 100 realiza-
tions of ensembles of 40, with and without the suggested flow line
weighting approach. Images in the upper row are from a gradi-
ent flow phantom, and the bottom row is from a spinning disk
phantom. Without weighting, it can be seen that the distribution
of power is non-uniform over the flow lines. As seen in the right
column, the weighting in (13) compensates both for the tempo-
ral (over)sampling factor and the mean scatterer velocity in a flow
line, resulting in an even distribution of power over the whole
phantom region.

4.3. Signal integrity

Fig. 6 shows results of the signal integrity analysis for two
different imaging setups. The distribution of the real and imagi-
nary parts of the IQ signals are both normally distributed, indi-
cating that the underlying speckle signal is fully developed [31].
In the 2-D auto-correlation Ryx of the M-mode signal, it may be
observed that the energy is largely concentrated around the line
corresponding to the underlying velocity of the scatterers, indicat-
ing that a cross-correlation function along the corresponding spa-
tial line would have a peak corresponding to the correct velocity.
The lag 1 phase angle estimates inside the kernel are all close to
the reference value predicted by (18). This indicates that an auto-
correlation based estimator would attain approximately the cor-
rect mean frequency, although a small systematic underestimation
is observed. Finally, the averaged slow-time spectrum is centered
around the correct angular frequency, indicating the usefulness of
the signals for validation of spectral estimators.

The result of the second integrity test is shown in Fig. 7. Each of
the figures contain 360 measurement points, corresponding to 72
different simulations, each containing five combinations of trans-
mit and receive angles. The expected lag 1 phase values correspond
well with the reference phase predicted using true velocities and
steering angles, with root-mean-square deviations of 0.10 radians
for the results using Field II and 0.19 radians when using MUST.

4.4. Using FLUST: An example of probe and acquisition design

Fig. 8 shows the PSFs from the two alternative probe and
acquisition designs described in 3.6, whereas Fig. 9 provides a
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Fig. 3. The top row shows interpolated signals s, with and without phase correction, for setups in which a point scatterer move 5 um each slow-time sample, and the
corresponding signals s}. have spatial sampling distances Ar equal to 5, 25, 65 and 105 wm. For the latter three cases, the signals s coincide with s for each 5th, 13th and
21st sample, respectively. The rest of the samples are generated using interpolation. The middle row shows the effect of interpolation on the phase of the IQ signals. The
bottom row show slow-time spectra, using the same set of sampling distances, from the central pixel in simulations of a tube phantom with velocities varying from 0.2 to

0.5 m/s.

comparison of the two in terms of mean and standard deviation
of axial velocity estimates. The results shown in the left pan-
els are based on 10 realizations of the simulated Doppler signal,
whereas the right panels show mean and standard deviation us-
ing 2000 realizations. The ensemble length is 10 for both cases,
and only velocity estimates along a single cross section of the tube
are considered. The left panels indicate that Al yields a much
smaller negative bias for the maximum velocity, a smaller pos-
itive bias for the lower velocities near the walls, and an over-
all lower variance. By increasing the number of realizations to
2000, however, it may instead be observed that the two setups
yield a similar and small negative bias for the maximum veloci-

ties. The difference in standard deviation also becomes clearer and
easier to quantify. With all other parameters being equal, the dif-
ference in conclusions may only be attributed to the increased
variance of the estimator v'® compared to 12990 as shown in

(6).
4.5. Runtime comparison between FLUST and FIELD Il

Fig. 10 shows a runtime comparison between FLUST and Field
Il using acquisition design 2 (A2). Each bar in the left panel shows
runtime in seconds for FLUST (blue) and Field II (red) for an in-
creasing number of realizations. Numbers on top of each bar are
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Fig. 5. Average power over 100 realizations with an ensemble size of 40, with and
without weighting of flow lines. The top row shows a tube with diameter 6 mm
and a velocity gradient from 0.1 m/s to 0.7 m/s, the bottom row shows a spinning
disk with diameter 6 mm and velocity range from 0.2 m/s to 1.0 m/s.

runtime in seconds, but to fit the large variations in runtime, the
vertical axes is in log-scale. The right panel shows the ratio be-
tween runtime in Field II and FLUST. Generating the results seen
in Fig. 9 would take 9.3 hours (33546 s) using Field II, whereas
FLUST can provide the same results in 2 minutes (120 s).

5. Discussion

The FLUST framework is an open source simulation tool that
enables multiple realizations of high integrity 1Q Doppler signals
from simple or complex flow fields at low computational cost.
Based on theoretical concepts introduced in our previous work
[27], a framework consisting of a database of in silico flow phan-
toms and functions for acquisition and processing has been built
and distributed as a part of the USTB project [28]!. The current
work also proposes and investigates several important contribu-
tions to the integrity of the flowline based simulation technique.

First, signal integrity after the spatial interpolation step of
FLUST was ensured by controlling interpolation errors and auto-
matically selecting the spatial density of precalculated PSFs. More
specifically, a phase correction technique was proposed to reduce
interpolation errors, and a method for automatic selection of spa-
tial discretization of point spread functions was presented. It was
observed that the use of phase correction allowed for using a sig-
nificantly smaller number of precalculated PSFs (Fig. 2, Fig. 3), and
therefore reduction in simulation time, without compromising the
integrity of the simulated data. The spatial discretization of PSFs is
determined automatically based on an upper bound for the accept-
able energy loss after interpolation. The acceptable energy loss is
left as a user-defined parameter determining a trade-off between
accuracy and computational cost. Notably, using this parameter al-
lows for an automated selection of spatial discretization without
performing calculations for each new selection of probe geometry
and/or pulse center frequency. In this work, energy loss due to in-
terpolation errors were required to be smaller than 4%. However,
as can be observed from results in Fig. 3, larger interpolation er-

1 http://www.ustb.no/flust
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values. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Validation of the R(1) phase angle for 72 simulation setups, with varying flow velocity (7.5 to 45 cm/s), flow direction (0 to 90 degrees) and pulse center frequency
(3 to 10 MHz). Phase estimates are presented in radians. The true velocities are as high as 6 times the Nyquist limit for the highest frequency. Each setup contains five
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rors may be allowed in some cases without substantially degrading
the results.

Second, steps were taken to ensure integrity of the final simu-
lation results. It was shown that the use of temporal oversampling
is necessary for high velocity flow scenarios, and a method for au-
tomatic determination of the oversampling factor was presented.
Further, it was demonstrated that the expected power along differ-
ent flow lines may vary, and that appropriate weighting resolves
this issue. An integrity parameter that is currently not automati-
cally determined is the flow line spacing. Whereas automatic de-
termination of spatio-temporal PSF interpolation parameters en-
sure high signal integrity along flow lines, sufficient flow line den-
sity ensures high signal integrity between flow lines. In this work,
a flow line spacing of A/2 at the inlet was used. This spacing may
need to be lowered if the cross-sectional area increases down-

10

stream, as is the case in bifurcations or aneurysms. Alternatively,
phantoms may be designed such that additional flow lines are in-
cluded in regions with higher cross-sectional area. This, however,
will require new solutions to ensure correct weighting of flow lines
in such regions.

The integrity of the simulation technique was assessed by con-
firming that the spatial and temporal correlation, frequency con-
tent and statistical properties all corresponded well with the-
oretical predictions. It may be observed from Fig. 6 that the
mean phase shift seems slightly lower than the reference val-
ues, especially for the high resolution setup. This does not im-
ply an inaccuracy of the simulator. Instead, it may be explained
by the use of a large aperture, as the observed Doppler shift
decreases away from the aperture center. Indeed, the observed
bias is lower for the smaller aperture used in the low reso-
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lution case. Another observation is that the slow-time spectral
bandwidth is lower for the low resolution setup, yielding lower
variance of an auto-correlation estimator, whereas the energy of
the M-mode auto-correlation function is more concentrated for
the high resolution setup, yielding lower variance for a cross-
correlation based method. These observations confirm that the
two types of estimators each have their own preferred acquisition
setup.

1

Finally, an illustrative example of how FLUST may be used
throughout the design and optimization process of a velocity es-
timator was included. The example also demonstrated the impor-
tance of utilizing a sufficient number of realizations of the flow
field for performance evaluation of a velocity estimator, and that
FLUST may be used to obtain statistically sound conclusions while
keeping reasonably low runtimes. In fact, results in Fig. 10 show
that compared to Field II, simulation time using FLUST is only to
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an Intel(R) Xeon(R) Platinum 8260 CPU with 192 GB RAM. The right panel shows runtime ratios between Field Il and FLUST.

a small extent dependent on the number of realizations. These re-
sults were based on an effective number of scatterers per resolu-
tion cell of 10 for Field II versus 25 for FLUST, where the latter is
the result of an automatic parameter selection process. Users may
therefore expect high integrity 1Q Doppler signals at significantly
reduced runtimes when using FLUST.

The way forward

One of the aims of the FLUST project is to provide a database
of in silico flow phantoms with known velocity fields, available to
the ultrasound community as a whole. In addition to single sce-
nario phantoms with user-selected velocities, spatial gradients or
degrees of out-of-plane motion, the database will include more
complex flow scenarios such as vortices, helices or models derived
from patient specific geometries. With FLUST, it should be easy to
do simulations with various phantoms and acquisition setups, and
to tune these to specific imaging interests. FLUST could be used
in conjunction with either in vivo data, flow phantoms or com-
plex simulations, providing challenging flow scenarios that can be
separately recreated in silico. Complex flow simulations or in vivo
data may for instance provide information on what kind of veloc-
ity gradients or vortices are likely to arise in a given imaging ap-
plication. FLUST may then be used to investigate the true perfor-
mance of the estimator in these conditions, and used to determine
for which conditions the estimator will provide reliable estimates.
The low computational cost allows for multiple iterations of this
step, which may be used to improve the estimator itself, or the
applied acquisition setup.

A current limitation with the FLUST approach is that it does not
support pulsatile flow simulations. If such a feature should be im-
plemented in practice, spatial interpolation can no longer be per-
formed exclusively along flow lines as they may change over time.
Instead, PSFs could be calculated on a regular grid, with sufficient
density to reconstruct a PSF at any position without significant in-
terpolation error. The phase correction step proposed in this work
facilitates such a development, as it significantly decreases the re-
quired density of calculated PSFs.

We hope that a common library of phantoms and a standard-
ized manner of performance assessment will contribute to making
comparisons of different velocity estimation approaches easier and
more reliable.

6. Conclusion

This work describes the open-source simulator FLUST, a com-
putationally cheap and user-friendly framework to simulate ultra-
sound data from stationary velocity fields. In addition to the devel-
opment of software, several improvements to the original FLUST

12

technique have been proposed, resulting in reduced interpolation
errors, reduced variability in signal power, and automatic selection
of spatial and temporal discretization parameters. The integrity of
the resulting simulated signals has been validated in an extensive
study, with results indicating that speckle statistics, spatial and
temporal correlation and frequency content all correspond well
with theoretical predictions. In conclusion, the FLUST simulation
framework was shown to be efficient and robust, and will hope-
fully prove useful as a tool for development, validation and com-
parison of ultrasound based velocity estimation schemes.
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