<]
TUDelft

Delft University of Technology

Document Version
Final published version

Licence
CCBY

Citation (APA)

Huang, H., Han, Y., Vos, H. J., Bosch, J. G., van den Bosch, A., van der Steen, A. F. W., Huang, C. C., & Voorneveld, J.
(2025). Pulse-inversion Doppler-based Phase-compensation Reduces Decorrelation in High-frame Rate Contrast-
enhanced Ultrasound. Ultrasound in Medicine and Biology, 51(11), 2039-2048.
https://doi.org/10.1016/j.ultrasmedbio.2025.07.017

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright

In case the licence states “Dutch Copyright Act (Article 25fa)”, this publication was made available Green Open
Access via the TU Delft Institutional Repository pursuant to Dutch Copyright Act (Article 25fa, the Taverne
amendment). This provision does not affect copyright ownership.

Unless copyright is transferred by contract or statute, it remains with the copyright holder.

Sharing and reuse

Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without
the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license such as
Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.ultrasmedbio.2025.07.017

Ultrasound in Medicine & Biology 51 (2025) 2039—2048

Contents lists available at ScienceDirect

Ultrasound in Medicine & Biology

journal homepage: www.elsevier.com/locate/ultrasmedbio

Original Contribution

Pulse-inversion Doppler-based Phase-compensation Reduces Decorrelation ]

Check for

in High-frame Rate Contrast-enhanced Ultrasound i

Hsin Huang >, Yichuang Han?, Hendrik J. Vos™¢, Johan G. Bosch?, Annemien van den Bosch ¢,
Antonius F.W. van der Steen ®¢, Chih-Chung Huang ™, Jason Voorneveld *"*

2 Thorax Biomedical Engineering, Department of Cardiology, Erasmus MC University Medical Center, Rotterdam, the Netherlands
b Department of Biomedical Engineering, National Cheng Kung University, Tainan, Taiwan

¢ Department of Imaging Physics, Faculty of Applied Sciences, Delft University of Technology, Delft, the Netherlands

4 Department of Cardiology, Erasmus MC University Medical Center, Rotterdam, the Netherlands

¢ Medical Device Innovation Center, National Cheng Kung University, Tainan, Taiwan

f BrainEcho Lab, Department of Neuroscience, Erasmus MC University Medical Center, Rotterdam, the Netherlands

ARTICLE INFO ABSTRACT

Keywords:

High frame-rate imaging
Contrast-enhanced ultrasound
Decorrelation

Pulse-inversion Doppler
Phase compensation

Blood flow imaging

EchoPIV

Objective: High-frame-rate (HFR) ultrasonic imaging combined with an ultrasound contrast agent (UCA) can be
used to study blood flow patterns using echo-particle image velocimetry (echoPIV). Pulse inversion is a common
contrast-specific multipulsing scheme for suppressing tissue clutter in ultrasound images while selectively enhanc-
ing nonlinear signals from the UCA. However, in fast flow, the displacement of UCA between pulses leads to phase
shifts in the echoes that may result in loss of UCA signal, hindering blood flow tracking with echoPIV.

Methods: In the present work, a phase-compensation algorithm is proposed to reduce motion-induced signal loss in
HFR contrast-enhanced ultrasound imaging using pulse-inversion Doppler (PID).

Results: The PID-based phase-compensation algorithm increased image intensity in the high-velocity regions by up
to 6 dB in both in vitro and patient data. Also, after PID-based phase compensation, echoPIV was able to measure
27% higher vector velocities in the patient data.

Conclusion: The results reveal the feasibility of PID-based phase compensation for reducing signal loss in fast-flow

HFR contrast-enhanced ultrasound and its potential for improving blood flow estimation.

Introduction

High-frame-rate (HFR) contrast-enhanced ultrasound (CEUS), using
ultrasound contrast agent (UCA) microbubbles, has become a useful tool
for studying blood flow patterns, from microvascular flow in the brain
[1]1, kidney [2,3], and myocardium [4—6] to macroscale flow in the
abdominal aorta [7—10], femoral arteries [11,12], and the left ventricle
(LV) [13,14]. With respect to the latter, HFR echo-particle image veloc-
imetry (echoPIV) is a vector flow imaging technique particularly suited
to LV blood flow imaging [14—19], where blood flow velocities in the
LV (>1 m/s) necessitate frame rates in the kilohertz range to resolve the
blood signal effectively.

To achieve rates of thousands of frames per second, diverging-wave
transmission sequences are used, which encode the entire LV in a limited
number of transmissions [20]. This comes at a cost of resolution, signal-
to-noise ratio, and contrast, which can be offset by using multiangle
coherent compounding [21,22]. Additionally, signal-to-noise ratio and
blood-pool-to-tissue contrast can be improved further by using

specialized CEUS sequences to suppress tissue signal while selectively
retaining UCA signal in the blood [23—26].

Pulse inversion (PI) is one of the common contrast-specific multipuls-
ing schemes for detecting flow in HFR CEUS [18,27,28]. PI consists of
transmitting two consecutive alternating polarity pulses. The principle
idea is that tissue clutter will scatter linearly, while the UCA will scatter
nonlinearly (providing harmonics of the transmitted frequency). Thus,
when the scattered signals from the two pulses are summed, the linear
tissue signal cancels, while retaining the even-harmonic nonlinear UCA
signals [24,26]. However, whenever the microbubbles move during the
time interval between the two pulses, the second pulse gets an additional
phase difference, causing an unwanted reduction of the nonlinear micro-
bubble signal, manifesting as both reduced signal intensity and velocity
magnitude underestimation after echoPIV analysis [15,17,19]. To
explain why bubble motion between PI pulses results in velocity under-
estimation in echoPlV, it is useful to consider how color Doppler proc-
essing is affected by plane-wave angular compounding, which similarly
assumes a linear superposition of scatterers between transmit—receive
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events. Ekroll et al. [29] showed that angular compounding of flowing
blood signals causes both a loss of signal-to-noise ratio (intensity loss
from out-of-phase summation) and a low-pass filtering effect on the
velocity spectrum, biasing the measurement toward lower velocities.
This same bias manifests itself in the temporal cross-correlation function
used for displacement estimation in echoPIV.

Several methods have been proposed to compensate for motion in
angular compounding: An echoPIV-specific method is to perform cross-
correlation between the uncompounded images (per angle) and then
sum the cross-correlation results from different angles [15,28,30]. How-
ever, these methods only avoid the decorrelation between angles and do
not take advantage of the improved image quality after coherent com-
pounding. Another approach to reduce decorrelation is to use motion or
phase compensation. Denarie et al. [31] used cross-correlation to com-
pensate for motion in rat hearts through coherent plane-wave com-
pounding, in combination with using an altered ordering of the
transmitted tilt angles, for example, switching the angles symmetrically
around 0°: [-10°, 10°, —5°, 5°, 0°] instead of [-10°, —5°, 0°, 5°, 10°].
Porée et al. [32] demonstrated that human myocardial tissue motion
artefacts could be compensated for by using slow-time lag-one autocor-
relation, while also using an alternative sequence order. The two afore-
mentioned studies were shown to compensate for the phase between
different transmitting angles, but cannot directly process contrast-spe-
cific multipulsing sequences. Mougharbel et al. [33] further extended
Porée’s work to tissue harmonic imaging through PI. However, they
only compensated for the phase between different transmitting angles
for myocardium dynamics. Stanziola et al. [34] used a two-stage regis-
tration framework to compensate for the motion, but this strategy
requires iterative optimization and would be difficult for real-time
implementation. Recently, Lagrangian beamforming has also been pro-
posed for improving myocardial vascular visibility. Still, its computa-
tional cost is high, because the delays in the delay-and-sum image
reconstruction need to be updated every frame [35]. In summary, prior
work still lacks an explicit approach for improving the phase coherence
between the PI echoes of moving UCA and thus improving echoPIV accu-
racy in high-velocity flow applications.

In the present work, a phase-compensation algorithm is proposed to
reduce motion-induced signal loss in HFR CEUS imaging. First, pulse-
inversion Doppler (PID) is used to detect the phase shift of UCA between
PI transmissions; then, the beam-formed in-phase/quadrature (IQ) data
are motion compensated for using the measured PID phase shifts, allow-
ing for coherent summation of the second-harmonic data. We compare
the efficacy of both fundamental-frequency PID (1PID) and second har-
monic PID (2HPID) as phase shift estimators. The phase-compensation
accuracy was first evaluated in vitro in a straight tube flow phantom. In
vivo capability was then demonstrated for LV flow in HFR CEUS patient
data. The phase compensation effect on echoPIV tracking of high-veloc-
ity flows was also evaluated.

Theory

A typical PI series of K transmit pulses at a pulse repetition interval T
can be expressed as [36]:

pi(t) = (=1)po(t — kT), k€[0, K —1]. €]

That is, each transmitted pulse is the inverse of the previous pulse.
Each pulse is scattered by the UCA microbubbles in the field of view.
Microbubbles scatter the ultrasound nonlinearly, resulting in received
echoes that contain both odd and even harmonics of the originally trans-
mitted pulses [36]. The odd harmonics (e ,4;) (Which includes the funda-
mental echo) and the even harmonics (e ,.,) (which includes the second
harmonic echo) are related differently to those of the previous pulse,

EChO{p(I)} = €even (Z) + eadd(t) (2)

ECh{){ —[)(f)} = ez’ven(t) - e()d(l(t)' (3)
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Equations 2 and 3 reveal that the odd harmonics changes sign owing
to the inversion, whereas the even harmonics do not. Therefore, the
phase shift of the odd harmonic (A®,,;) gets an additional 7 term and
that of the even harmonic (A®,,.,) do not. This is written as

AQoiq = 2xf. Aty + 7 (4

AQeyen = 27Tf;‘ATd7 (5)

where f, denotes the carrier frequency and Az, is the time delay owing
to the axial motion of scattering structure. Then, the estimated Doppler
frequency of the odd-harmonic echoes (f; ,.s) and even-harmonic echoes
(fa.even) are:

Amodd
2

2 1
S odd = Jorr = ?vfc + Eﬁ’nf (6)

fd.even = %f}ﬁf = ?f(‘v (7)
where f,; is the pulse-repetition frequency (1), c is the speed of the
sound, and v is the axial velocity (v = %4% ). That is, the Doppler fre-
quency of the odd harmonic echoes will shift by f,,¢/2 since the second
pulse is inverted. Since the second harmonic (2H) nonlinear echoes
appear around zero Hz in the Doppler spectrum, the 2H nonlinear ech-
oes can be separated from the linear tissue scattering by using a low-
pass filtering at cutoff frequency of pulse repetition frequency/4 [36
—38]. Based on this theory, 1PID and 2HPID for detecting phase shifts
between PI pulses were derived, as described in the following two sub-

sections.

2HPID

Second harmonic data consist solely of even harmonic echoes. Modi-
fied from eqn 5, the 2H Doppler phase shift between PI pulses, @,xpip is:

®)

where fo is the 2H frequency; @,y is the measured Doppler phase shift
by using the lag-1 autocorrelation processing [39] on the 2H data. The
axial velocity derived from the 2HPID will be:

Donpip = 27fru ATy = Buon,

v = ot

= 4 ©)

fp
Dorpip = Dot -

4ﬂ'f2 H

1PID

Fundamental data are part of the odd-harmonic echoes. Modified
from eqn 4, the fundamental Doppler phase shift between PI pulses @ p;p
is:

Dipip = 2xfi Aty = @ 1 — 7,

where f; is the fundamental frequency; @, is the measured Doppler
phase shift of the fundamental data. Assuming there is no aliasing, @pp
is in a range between + 7 and, therefore, @,,; should be in a range from
0 to 2z. However, the @,, is limited in a range between + 7 owing to
the inverse tangent operation in the autocorrelation method [39]. There-
fore, @,,1 values in a range from —x to O need to be shifted to a range
from 7 to 27 as follows:

mt + 2”7 lf @ml <0

(10)

, [0)
= 11
o { @1, otherwise a1
Then, eqn 10 is modified as:
Oipp = 2nfiATy = @, — 7. 12)

The axial velocity derived from the fundamental component will be:

(@ = 7).

Ypirf

47'[f1

_ o
T

(13)

Dipip =
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If axial velocities from 1PID and 2HPID are assumed identical, we get
the relationship between @;p;p and @,yp;p by combining eqn 9 and eqn
13 (and using the definition in eqn 12):

(14)

o
Banpip ==~ D1pip-
Nl
Note that f>; /f1#2 in practice, owing to frequency-dependent attenu-
ation that shifts the dominant frequency in ultrasound pulses to lower
values with increasing depth.

Methods
Ultrasound acquisition sequence

A research ultrasound system (Vantage 256, Verasonics Inc., Kirk-
land, WA, USA) connected with a phased-array probe (P4-1, ATL) was
used for the acquisition. The maximal imaging depth was limited to
12 cm. The voltage was 10 V and the mechanical index was less than 0.1
[18]. The HFR CEUS sequence consisted of a two alternating polarity
pulses (P, 1.5 MHz transmit, 2 cycle pulses), each transmitted with two
angled (+7°, —7°) diverging waves (virtual focus = 47 mm). The pulse
repetition frequency was set to 4900 Hz, resulting in an effective frame
rate of 1225 Hz [18]. The saved RF data were passed through a fast-time
fourth-order Butterworth bandpass filter around the 2H (2.6—3.8 MHz).
Both unfiltered RF data and 2H-filtered RF data were beamformed with
Verasonics’ built-in beamformer on a 0.5 4 by 0.31° (axial, lateral)
resolution grid to acquire fundamental and 2H beamformed data,
respectively.

PI Doppler processing

Both fundamental and 2H data were filtered individually for each PI
pulse and transmitting angle combination through a slow-time fourth-
order Butterworth high-pass filter with a cutoff frequency of 100 Hz.
Then, the filtered fundamental and 2H data were used for 1PID and
2HPID, respectively, to evaluate the fundamental and 2H phase shifts,
which were then used, respectively, for compensating the clutter-filtered
2H data along the temporal domain. The window length for autocorrela-
tion processing is 40 ms.

Ultrasound in Medicine & Biology 51 (2025) 2039—-2048

Phase compensation

Considering the transmitting scheme in this work (Fig. 1), the phase
information of filtered 2H IQ data at negative-polarity transmitting pulse
at transmitting angle 1 (£x_;) was considered as a reference point.
Then, compensation was performed by adjusting the three other phase
information [at positive-polarity, angle 1 (£x,); at positive and nega-
tive polarity, angle 2 (£x, ; and £x_,, respectively)] as:

Zxy) = L34+ Opy (15)
L) = Lxin = B (16)
2x_ 5 = 2x_5— (Bp2 + Dn), (17)

where @,, equals (@p,; + @p2)/2 and @p; and @p, indicate the phase
shifts between PI pulses at two different transmitting angles, respec-
tively.

Because the compensation was performed on filtered 2H data, @p ;
and @p, were directly derived from 2HPID. For instance, @p  is:

o
f

where @p;p, and @rupp,1 indicate the Doppler phase shifts from 1PID
and 2HPID at transmitting angle 1, respectively. B-mode images were
made by summing all transmit waves (pulses and angles) and envelope
detection. The image intensity before and after phase compensation is
calculated by taking the mean square amplitude in manually selected
area. Images are shown with log-compression. All post-processing was
performed in MATLAB (R2020b, MathWorks, Natick, MA, USA).

Op,1 = Donpip,1 =——Dirm,1, (18)

Experiments

In vitro flow phantom experiment

A Doppler flow phantom (ATS model 524, CIRS Inc., Norfolk, VA,
USA) was connected to a peristaltic pump (Verder Liquids, Utrecht, the
Netherlands) for in vitro phantom experiments. The tube diameter of the
flow phantom was 8 mm. The maximal flow velocity was set to approxi-
mately 1 m/s, which was confirmed by spectral Doppler through a com-
mercial ultrasound system (Zonare ZS3, Mindray, Shenzhen, China). An
UCA (SonoVue, Bracco Imaging, SpA, Milano, Italy) solution

Om =(Dp1 + Dp2)/2

k k Positive- and negative-polarity transmission at angle 1

4 4 Positive- and negative-polarity transmission at angle 2

L4 Adjusting the phase
1)

Figure 1. The diagram of the pulse-inversion sequence and phase-compensation. @p; and @p,. the phase shifts between PI pulses at transmission angles 1 and 2,

respectively.

2041



H. Huang et al.
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-15 0
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(concentration: ~45 uL/L) was used. For HFR CEUS acquisition, the
transducer was inclined at 20°. Regions of 2 mm X 2 mm (Fig. 2b) were
selected for quantitative analysis of image intensity. Five pump cycles
were analyzed independently and used as samples for a paired samples t
test, with statistical significance defined as a p value of less than 0.05 for
differences between methods.

In vivo human experiment

The method was tested on data acquired previously [18] in vivo for
echoPIV on patients presenting with heart failure (protocol approved by
the Institutional Review Board of the Erasmus MC - NL63755.078.18).

The LV apical view of patients was imaged after intravenous injec-
tion of a diluted solution of UCA (5 mL SonoVue in 15 mL isotonic
saline) using a continuous infusion pump (1.2 mL/min, VueJect BR-INF
100, Bracco Imaging, SpA, Milan, Italy) connected to the recommended
infusion kit [9]. After confirming the arrival of UCA in the LV, HFR
CEUS imaging was performed for approximately 2.5 seconds. Regions of
4 mm X 4 mm were selected for quantitative analysis of intensity and
axial velocity between processing methods. B-mode intensities in fast-
flow regions (mitral inflow jet, aortic outflow tract) were compared
before and after phase compensation. The difference in intensity is
reported in decibels as measured over 124 frames (~0.1 s).

Data analysis

Color Doppler comparison
In addition to 1PID and 2HPID, conventional fundamental color
Doppler (1CD) processing was added to the comparison in the in vitro
flow phantom experiment, which was independently calculated for each
PI pulse and transmitting angle. Because 1CD measures the phase shift
between pulses at same polarity and same angle, 1CD phase shifts were
divided by number of angle (NA = 2 in this work) and PI factor (Plir
= 2). Then phase shifts for the same transmitting angle but for different
polarities were averaged. That is, eqn 18 is adopted for CD by

fort (Prcoer + Dico-1)

fn fon
fl fl Z'NA'Plj‘acmr

where @cp+ and @;cp-; indicate Doppler phase shifts from 1CD in pos-
itive- and negative-polarity pulses at transmitting angle 1, respectively.

Q)D,l = Q)ZHPID,I = ®1P1D,1 = (19)

EchoPIV

EchoPIV subdivides the envelope-detected image into small, equally
sized, overlapping blocks. Then, a normalized cross-correlation is com-
puted for a search region around each block and the displacement per
block between the two frames is obtained by locating the correlation
peak of each search region. A more detailed description is provided in
our previous work [18,19]. The final frame rate (after compounding and
ensemble averaging) of the velocity data was 122 Hz. EchoPIV maxi-
mum velocity magnitudes in fast-flow regions (mitral inflow jet, aortic
outflow tract) were compared before and after phase compensation.

2HPID Comp.
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Figure 2. Flow phantom images. (a) Diagram of the
flow phantom setup with beam-to-flow angles of 53°
and 70°. (b) Flow phantom HFR CEUS B-mode image
with no compensation. (c) Axial velocity images from
1CD, 1PID, and 2HPID and (d) the B-mode images after
1CD-, 1PID-, and 2HPID-based phase-compensation
(Comp.). (i) and (ii) indicate the original decorrelation
region and the decorrelation region after 1CD-based
phase compensation, respectively. 1CD, fundamental-
mode color Doppler; 1PID, fundamental-mode pulse-
inversion Doppler; 2HPID, second-harmonic pulse
inversion Doppler; CEUS, contrast-enhanced ultra-
sound; HFR, high-frame-rate.

Results
Invitro

Figure 2a shows a diagram of the flow phantom setup with flow
direction and the effective beam-to-flow angles in the two measurement
regions studied in Figure 3. The pulsed-wave Doppler imaging from the
clinical Zonare ZS3 system, confirming a peak velocity of approximately
1 m/s, is shown in Supplementary Figure S1. In Figure 2b, a lower B-
mode intensity can be observed in the lower left corner (beam-to-flow
angle = 53°) than in the center (beam-to-flow angle = 70°). This is due
to loss of phase coherence from the higher axial flow velocity in the
lower-left corner (Fig. 2c). Aliasing was observed in the lower-left corner
of the 1CD image owing to its insufficient Nyquist velocity (0.286 m/s).
In contrast, because the Nyquist velocities of 1PID and 2HPID depend on
for (4900 Hz), the Nyquist velocities are higher (1.144 m/s and
0.596 m/s, respectively) in these modes. The motion-compensated
images are shown in Figure 2d, based on phase shift estimates from
1CD, 1PID, and 2HPID. Owing to the aliasing problem, the decorrelation
in the lower left corner became even more severe in the 1CD-compen-
sated image (i vs. ii regions in Fig. 2). The phase incoherence in both
1PID- and 2HPID-compensated images, in contrast, was decreased suc-
cessfully, as confirmed by the increase in B-mode intensity near the
lower left corner, compared with the image without compensation
(Fig. 2b).

Quantitatively, aliasing was evident in the 1CD velocity profile (blue
dashed line), whereas both 1PID (yellow dashed—dotted line) and
2HPID (purple solid line) velocity profiles were close to reaching the
expected peak velocity (—0.5 m/s). The aliasing in 1CD had the effect of
further B-mode intensity deterioration after compensation (—3.3 =+

0.4 dB compared with the uncompensated image, p < 0.001). Con-
versely, the 1PID- and 2HPID-based compensation resulted in reduced
decorrelation and increased time-averaged intensities compared with
the uncompensated image (Fig. 3b; 6.1 + 0.1 dB [1PID] and 6.3 +
0.2 dB [2HPID]; both p < 0.001). Figures 3 (c and d) demonstrate the
velocity and intensity profiles in the central area, with beam-to-flow
angle of 70°. The maximum axial velocity in this area was 0.225 m/s.
Therefore, no aliasing was observed in this area (Fig. 3c) and the inten-
sity profiles after 1CD-, 1PID-, and 2HPID-based compensation were
nearly identical (Fig. 3d; improvements of 3.3 + 0.4 dB [1CD], 3.3 +
0.4 dB [1PID], and 3.3 + 0.4 dB [2HPID]; all p < 0.001).

Invivo

Figure 4a demonstrates an example apical three-chamber left ven-
tricular B-mode image without compensation in a patient during ventric-
ular filling (t 0.28 s). The phase incoherence upon motion is
distinguished by a relatively lower B-mode intensity (white-dashed
region in Fig. 4a), was observed near the ventricular inflow region. This
faster velocity caused considerable aliasing in the 1CD image (green-
dashed regions in Fig. 4b), and hence significant decorrelation in the
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Figure 3. Quantitative comparisons of axial velocities and B-mode intensities. (a) Average axial flow velocities and (b) B-mode intensities in 53° beam-to-flow angle
region. (c) Average axial flow velocities and (d) B-mode intensities in the 70° beam-to-flow angle region. 1CD, fundamental-mode color Doppler; 1PID, fundamental-
mode pulse-inversion Doppler, 2HPID, second-harmonic pulse inversion Doppler; Comp., compensation.

1CD-compensated image (green-dashed regions in Fig. 4d). In contrast,
there was no aliasing in the 2HPID image (Fig. 4¢), and decorrelation
was reduced in the 2HPID-compensated image (Fig. 4e). Similarly, dur-
ing ventricular ejection (t = 0.71 s), decorrelation (white-dashed region
in Fig. 5a) was observed near the ventricular outflow tract. Aliasing was
again observed in the 1CD image and decorrelation was not reduced
(green-dashed regions in Fig. 5 [b and d]). While after 2HPID-based
compensation, the decorrelation in the outflow region was significantly
improved (Fig. 5e). Supplementary Figure S2 shows the spectral Doppler
from fundamental data in both the inflow and outflow regions to illus-
trate the aliasing. After 2HPID-based compensation, echoPIV was able to
measure higher vector velocities (Figs. 4 [f and h]; Figs. 5 [f and h]). In
contrast, echoPIV after 1CD-based compensation seemed to underesti-
mate the vector velocities compared with the uncompensated echoPIV
(Figs. 4 [f and g]; Figs. 5 [f and g]).

No Compensation

(a)
10

30
50
70

Depth (mm)

920
110

0 0 0 1CD Compensation

(f)  No Compensation

1CD Compensation

2043

During early filling (0.2—0.3 s; grey region in Fig. 6d) the time-aver-
aged intensity (in the inflow region; Fig. 6a — magenta) of the 2HPID-
compensated image increased by 4.7 + 1.5 dB compared with the
uncompensated image (Fig. 6d). However, after 1CD-based compensa-
tion, the time-averaged intensity increased by only 1.2 + 1.3 dB
(Fig. 6d), owing to aliasing in part of the inflow region (Fig. 4b). During
ejection (0.7—0.8 s; grey region in Fig. 6e), time-averaged intensity (in
the outflow region; Fig. 6a, green) of the 2HPID-compensated image
increased by 5.7 + 1.4 dB compared with the uncompensated image
(Fig. 6e). For the 1CD-compensated image, the decorrelation worsened,
with time-averaged intensity decrease by 2.9 + 1.5 dB compared with
the uncompensated image (Fig. 6e), also owing to aliasing in the outflow
region (Figs. 5 [b, d]). The corresponding comparison of axial velocities
between 1CD and 2HPID in the inflow and outflow windows over time
confirms the aliasing issue (Figs. 6 [b, c]). After 2HPID-based

Figure 4. Example apical three-chamber left ventricular
images in patient 1 during ventricular filling (t = 0.28 s).
(a) HFR CEUS B-mode image with no compensation and
its zoomed-in image. (b) Axial velocity images from 1CD
and (c) 2HPID. B-mode images after (d) 1CD- and (e)
2HPID-based phase compensation. EchoPIV images before
() and after (g) 1CD- and (h) 2HPID-based compensation.
White and green dashed windows indicate the original decor-
relation region and aliasing region, respectively. 1CD, fun-
damental-mode color Doppler; 2HPID, second-harmonic
pulse inversion Doppler; CEUS, contrast-enhanced ultra-
sound; HFR, high-frame-rate.
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Figure 5. Example apical three-chamber left-ventricular
images in patient 1 during ventricular ejection (t = 0.71
s). (a) HFR CEUS B-mode image with no compensation
and its zoomed-in image. (b) Axial velocity images from
1CD and (c) 2HPID; B-mode images after (d) 1CD- and (e)
2HPID-based phase compensation. EchoPIV images before
(f) and after (g) 1CD- and (h) 2HPID-based compensation.
White and green dashed windows indicate the original decor-
relation region and aliasing region, respectively. 1CD, fun-
damental-mode color Doppler, and 2HPID, second-
harmonic pulse inversion Doppler; CEUS, contrast-
enhanced ultrasound; HFR, high-frame-rate.

Figure 6. Quantitative comparisons. (a) Position of
selected inflow (magenta-boxed window and section)
and outflow (green-boxed window and section) areas. (b
and c) Axial velocities in the inflow (b) and outflow
(c) windows over time. (d and e) Average B-mode
intensities in the inflow (d) and outflow (e) windows
over time before and after phase compensation. (f and
g) echoPIV-derived vector velocity magnitudes in the
inflow and outflow sections. 1CD, fundamental-mode
color Doppler; 2HPID, second-harmonic pulse inver-
sion Doppler; Comp., compensation.
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No Compensation 1CD Compensation

Bmode
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compensation, the vector magnitude from echoPIV increased by 27%
and 12% in the inflow and outflow regions, respectively (Figs. 6 [g, f]).

Figure 7 demonstrates another example in a patient with constrictive
pericarditis resulting in higher velocity magnitudes in the LV. Notably,
in this case, aliasing occurred in 2HPID image but the image intensity
values were still recovered after compensation (Fig. 8a). This is because,
theoretically, the aliasing in 2HPID is not as critical for phase-compensa-
tion between PI pulses (as compared with CD; see Appendix). Comparing
regions with and without aliasing in 2HPID (Figs. 8 [a and c], respec-
tively), we see that time-averaged intensity was increased by 4.1 +
1.3dB and 2.9 + 1.5 dB compared with the uncompensated image over
the filling period (0.25—0.35 s, grey region in Figs. 8 [a and c]). After
converting the same two regions into cross-sections (Fig. 7, bottom right
tile) the vector velocity magnitudes could be compared (Figs. 8 [b and
d]), revealing an increase in velocity magnitude of 16% and 20% in the
aliasing-free and aliased areas, respectively.
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Figure 7. Example ventricular images in patient 2. Axial
velocity images from 1CD and 2HPID (top). HFR CEUS B-
mode images (center) and echoPIV images (bottom) before
and after 1CD- and 2HPID-based compensation. The
magenta (aliasing) and green (nonaliasing) boxes indicate
the areas for B-mode intensities comparisons. Similarly,
the magenta and green lines indicate the areas for vector
velocities magnitude comparisons. White dashed windows
indicate the decorrelation region. 1CD, fundamental-mode

a8 color Doppler; 2HPID, second-harmonic pulse inversion
50 Doppler; CEUS, contrast-enhanced ultrasound; HFR, high-
frame-rate.
25
0

Discussion

In the present study, PID-based phase compensation was proposed
for reducing the phase incoherence between received PI signals. First, to
ensure feasibility, we tested the capability of two proposed PID methods
in a phantom study. After performing phase compensation based on PID
phase shifts, it was clear that the coherence was significantly restored,
as the intensity increased by up to 6 dB (Fig. 2d and Fig 3b). This phan-
tom work demonstrated the feasibility of the PID-based compensation
methods, but was limited because of the stable flow in the phantom,
with minimal tissue movement or vibration.

The feasibility of the proposed method was further demonstrated
with patient data (Figs. 4-6). As expected, aliasing occurred in CD
images owing to the Nyquist velocity limits and a decorrelation remains
in 1CD-compensated images, whereas the phase coherence after PID-
based compensation was increased. We also investigated the
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Figure 8. Quantitative comparisons of B-mode intensities and vector velocities magnitude for patient 2. (a) Average B-mode intensities and (b) average vector velocity
magnitude in the aliasing-free area. (c) Average B-mode intensities and (d) average vector velocity magnitude in the aliasing area. The selected areas and sections are
labeled in Figure 7. 1CD, fundamental-mode color Doppler, and 2HPID, second-harmonic pulse inversion Doppler; Comp., compensation.
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performance of the proposed methods on another set of patient data
with both lower image quality and higher filling velocities (Figs. 7 and
8). It was demonstrated that, even though the imaging quality was less
than ideal, and aliasing occurred in the 2HPID data, the decorrelation
could still be reduced considerably. This is because the proposed PID
directly measures the phase shifts between the PI echoes, whereas con-
ventional 1CD measures the phase shifts between frames. Therefore, the
phase shifts detected by 1CD must be divided by the number of transmit
angles and the PI factor for compensating the PI pulses (eqn 19). How-
ever, owing to this division operation, it becomes necessary to know the
aliasing folding number of the 1CD (Appendix and App. Fig. 1). Finally,
we investigated how compensating phase shifts affect echoPIV (Figs. 7
and 8). It was observed that after compensation, echoPIV was able to
measure higher vector velocities. They increased by 27% and 12% in the
inflow and outflow regions in patient 1, and by 16% and 20% in magni-
tude in aliasing-free and aliasing areas in patient 2, respectively.

In [31] and [32], tissue motion was corrected through cross-correla-
tion [31] or a Doppler method [32] to detect phase information between
different angles. Because we are compensating for blood flow, which
moves at a much higher velocity than tissue, aliasing is likely. Aliasing
in phase shifts between different angles makes it difficult to interpolate
the phase shift required to compensate between PI pulses. In [33], the
concept of harmonic Doppler estimation is similar to our 2HPID, but it
was applied for cardiac tissue harmonic imaging, not CEUS imaging.
Additionally, they mentioned that their compensation was limited by
the Nyquist velocity; while we found that the Nyquist limitation in PID
did not affect the results of compensation (Figs. 7 and 8; Appendix; Sup-
plementary Fig. S1). The imaging registration method [34] or Lagrang-
ian method [35] has the potential to reduce the decorrelation. However,
both of these methods inherently involve a relatively large computa-
tional burden. PID has the potential for real-time compensation, owing
to its low computational complexity.

Still, there are some remaining challenges and limitations that should
be noted. First, for fair comparison the same slow-time filter was used
for both 1CD and PID. However, PID images were slightly noisier com-
pared with 1CD images, which may imply this filter was not optimal for
PID. We have also tried a polynomial regression filter [40], although we
did not observe a significant improvement. Second, 1PID is able to mea-
sure a higher axial velocity than 2HPID. Yet, for phase compensation, its
phase shifts need to be multiplied by f;{ because 2H data were being
compensated in this study. f; and f,;; were evaluated by using the fast
Fourier transform along the fast-time domain. Yet, this approach

1.05
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Appendix Figure 1. (a) 1PID-compensated B-mode and echoPIV after
1PID-based compensation in patient 2. (b) Quantitative comparisons of B-
mode intensities and (c) vector velocities magnitude between 1PID and
2HPID methods. 1PID, fundamental-mode pulse-inversion Doppler, and
2HPID, second-harmonic pulse inversion Doppler; Comp., compensation

essentially assumes that the frequency distribution is constant over
depth. Although this assumption may be valid in stable flow phantoms,
it can introduce errors in vivo owing to significant variations in ventricu-
lar flow. A 2D autocorrelator [41] may be a promising solution for opti-
mizing the estimation of f; andf,y. Finally, after improving the phase
coherence by the proposed PID-based compensation, it was observed
that echoPIV was able to capture higher vector velocities. These higher
vector velocities were not validated against a ground truth, because that
was not available.

Conclusions

A PID-based phase-compensation method was developed and vali-
dated in this work for the reduction of motion-induced phase incoher-
ence in HFR CEUS imaging. A flow phantom study demonstrated the
feasibility of the proposed method, while the application on two in vivo
datasets further showcased its capabilities. It also revealed that after the
proposed compensation, echoPIV showed greater velocity magnitudes.
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APPENDIX

The relationship between the exact Doppler phase shift between PI
pulses @p and the phase shift detected by PID is expressed as:

@p = Dpip + 2npp7, (20)

where npyp is an integer aliasing folding number in PID. When aliasing
does not occur, npp equals 0. Modifying from eqn 15, using the exact
Doppler phase shift to compensate the phase information of IQ data at
positive-polarity pulse £x, is:

Lxyp = Lxy + QD. (21)
Then, using phase shift detected by PID for compensation, is:
Lxy pip = £xy + Opp = £Lxy + (@p — 2nppr). (22)

Therefore, the phase difference between 2x, p and Zx, pip is 2npp7.
Since this difference is an integer multiple of 2z, Zx, p and Zx, pp are
equivalent for IQ data. That is, for phase-compensation, whether aliasing
occurs in the PID does not affect the final phase compensation result. In
contrast, because conventional CD detects the phase shift between same
polarity and angle, the phase shift detected by CD, @¢p, must be divided
by number of angles (NA = 2) and PI factor (Ply,r = 2) for compensating
the phase shift between PI pulse as:

+ @p — 2ncpm

Lxycp = Lxpt = Lxy NA® )

(23)
where ncp is an integer aliasing folding number in CD. Therefore, the
phase difference between £x, p and £x, ¢p will not always be an integer
multiple of 2z owing to the division. In other words, for CD-based com-
pensation, it becomes necessary to know the exact ncp.

Supplementary Figure 1 demonstrates ventricular 1PID images from
the same patient as Figs. 7-8. Owing to the higher Nyquist velocity in
1PID, aliasing didn’t occur. It can be observed that the B-mode and echo-
PIV images after 1PID-based compensation (App. Fig. 1a) were similar to
those after 2HPID-based compensation (Fig. 7). Appendix Figs. 1b and
further compare B-mode intensity and vector velocity magnitude from
echoPlV, respectively, in the selected aliasing areas (indicated in App.
Fig. 1a). Both the intensity profiles and vector velocity magnitude pro-
files are almost overlapping between the 1PID and 2HPID methods. This
example demonstrates that aliasing in PID does not affect the phase com-
pensation for PI pulses.
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