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Here we propose an ultrasound contrast-based imaging method that enables non-invasive quantitative assessment
of ambient pressure changes inside the body (such as blood pressure). We subject the microbubbles in the contrast
agent to two frequencies: A low-frequency (57 kHz) signal that dynamically manipulates the ambient pressure,
and a series of high-frequency (4 MHz) pulses for exciting and imaging the bubble response. The imaging pulses
exploit the ambient pressure sensitivity of the subharmonic microbubble response, while the low-frequency signal

provided an intrinsic calibration for measurement of ambient pressure changes. We tested this approach in an in
vitro setup and show that it can visualize and quantify ambient pressure differences with a sensitivity of

0.5 dB/kPa.

Introduction

Blood pressure is an important indicator for cardiovascular health,
and interstitial fluid pressure is important in cancer diagnosis [1]. The
intraluminal pressures inside the different heart chambers and blood
vessels are of high importance for assessment of heart function, severity
of vascular stenoses, and loading conditions of the heart [2], However,
such intraluminal pressures can currently only be measured by invasive
means such as catheters and pressure wires, and non-invasive means of
measuring these pressures would be highly welcomed, particularly
for use as early-stage biomarkers. Ultrasound contrast agents, specif-
ically microbubbles, have been explored for many years as potential
non-invasive pressure sensors as the acoustic behavior of the micro-
bubbles is known to be highly dependent on the surrounding fluid
pressure.

In contrast-enhanced ultrasound (CEUS), lipid-coated gas-filled
microbubbles (diameter 1-10 pm) are administered intravenously
and imaged with low acoustic amplitudes. Due to the non-linear
properties of the viscoelastic microbubble shell, the effective stiff-
ness and effective resonance of the microbubbles changes drastically
with small size changes [3,4], such as those induced by a small ambi-
ent pressure difference. The maximum subharmonic scattering —
which occurs when the resonance of the bubble matches half the
ultrasound driving frequency — changes strongly with ambient
pressure [4].

However, the mechanics of coated microbubbles, and hence the sub-
harmonic scattered amplitude, also depend on other factors than

ambient pressure. For example, the subharmonic scattering changes
over time through dissolution [5,6], and subharmonics are enhanced by
the presence of iodinated contrast [7]. Subharmonic sensitivity to ambi-
ent pressure, ie., the slope of the subharmonic as a function of static
over-pressure, is also strongly influenced by the acoustic frequency and
amplitude [8]. Consequently, the values reported for subharmonic sensi-
tivity to ambient pressure differs substantially across studies, even for
well-controlled in vitro measurements [8,9].

Despite these dependencies on external factors, the clinical value of
non-invasive pressure estimation via the subharmonic scattered intensity
in CEUS imaging has been demonstrated repeatedly in vivo [10—12]. The
subharmonic amplitude has been shown to be particularly sensitive to
small pressure changes, more so than scattering at other harmonics
[8,9]. SubHarmonic Aided Pressure Estimation (SHAPE) [9] has been
investigated clinically for its potential to predict the therapeutic
response of breast lesions to chemotherapy [12], and for its potential in
diagnosing portal hypertension [13]. The subharmonic scattering values
over a cardiac cycle also correlate with blood pressure catheter readings
[14], which potentially allows qualitative monitoring of variations in
pulse pressure. However, the sensitivity of subharmonics to ambient
pressure also depends on the pulse shape [15], which suggests that cali-
bration values are uniquely tied to the used ultrasound equipment. Fur-
thermore these calibration values, which are obtained via in vitro
scattering measurements as a function of static over-pressure, can under-
estimate the in vivo sensitivity [11]. To overcome the limitation of
unknown acoustic pressure in vivo, SHAPE studies now make use of an
optimization scheme that determines the optimal acoustic pressure by

* Corresponding author. Biomedical Engineering, Thorax Center, Erasmus Medical Center, EE-2302, Wytemaweg 80, Rotterdam 3015 CN, The Netherlands.

E-mail address: sanderspiekhout@gmail.com (S. Spiekhout).

https://doi.org/10.1016/j.ultrasmedbio.2025.01.015

Received 11 October 2024; Revised 20 December 2024; Accepted 23 January 2025

0301-5629/© 2025 The Author(s). Published by Elsevier Inc. on behalf of World Federation for Ultrasound in Medicine & Biology. This is an open access article under

the CC BY license (http://creativecommons.org/licenses/by/4.0/)


http://crossmark.crossref.org/dialog/?doi=10.1016/j.ultrasmedbio.2025.01.015&domain=pdf
mailto:sanderspiekhout@gmail.com
https://doi.org/10.1016/j.ultrasmedbio.2025.01.015
https://doi.org/10.1016/j.ultrasmedbio.2025.01.015
https://doi.org/10.1016/j.ultrasmedbio.2025.01.015
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ultrasmedbio

S. Spiekhout et al.

maximizing the sensitivity of the subharmonic intensity to the acoustic
pressure, and by extension to the ambient pressure [16].

A more robust calibration procedure could allow quantitative non-
invasive pressure measurements via subharmonic scattering with great
diagnostic value for oncology and cardiovascular disease. The approach
we propose here is to apply a low-frequency (kHz range) acoustic wave
as a dynamic manipulation of the ambient pressure, similar to what was
employed by Faez et al. [17]. Performing regular pulse echo imaging
over a dynamically manipulated ambient pressure could, in principle,
measure the subharmonic sensitivity to ambient pressure, as shown in
the scattering experiment by Faez et al. [17]. In that in vitro setup, sepa-
rate single-element transducers from different angles were used, but this
could in principle also be done clinically using a dual-frequency trans-
ducer. While dual-frequency CEUS imaging has been used to enhance
the contrast-to-tissue ratio [18], here we instead test whether it can
provide real-time feedback on the subharmonic sensitivity to ambient
pressure [17].

Methods

In this section we describe two different setups employing this dual-
frequency approach that we use to characterize the method and validate
the results: one that uses cross-propagation of the kHz wave and the
imaging waves, and another using co-propagation. The cross-propagat-
ing setup directly images dynamically manipulated subharmonic scatter-
ing and is also used to optimize for microbubble concentration and
acoustic amplitude. The optimized settings are then used in the co-prop-
agating setup, which is closer to the intended imaging implementation,
described later, and the results are compared with an externally applied
static ambient pressure (SAP).

Cross-propagating setup

The cross-propagating setup consisted of a large water tank around a
smaller 800 mL tank that contained the microbubble suspension (ie.,
the bubble tank), shown schematically in Figure 1. The open-top bubble
tank was continuously stirred magnetically and filled with room-temper-
ature water (left overnight prior to the experiment) and with SonoVue
(Bracco Suisse SA, Plan-les-Ouates, Switzerland) microbubbles, of which
the filling gas was substituted by C4F;, gas, following the instructions of
Kanbar et al. [6]. The distance between the bubble tank and the wall of
the water tank was approximately 8 cm. The bubble tank has two acous-
tic windows (polymethylpentene sheets of 2 mm thickness, see dotted
lines in Fig. 1) from which the low-frequency acoustic waves could enter
and exit. Because the acoustic impedance of these windows was close to
that of water (1.44 [19] and 1.48 MRayl [20], respectively), reflections
were negligible.

0

.

Low F‘reqdency
Transducer 57 kHz

Figure 1. Cross-propagation scattering setup used to optimize for bubble con-
centration and acoustic amplitude. A large water tank contains a bubble tank
that is opened at the top to allow access for the imaging probe. A low-frequency
transducer transmits a 57 kHz wave to the bubble tank to dynamically manipu-
late the ambient pressure.
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The dynamic ambient pressure (DAP) was induced by a ring-shaped
low-frequency transducer (DH-43 60 x 30 X 10 mm, P4P8 piezoelectric
ceramic ring, Shenzhen More-Suns Electronics Co., Ltd., Shenzhen,
China). This low-frequency single-element transducer was cut in half,
then reconnected electrically and sealed inside a custom holder to allow
co-propagation with the imaging probe, see Figure 3. This transducer
generated a 57 kHz, 10 cycle pressure wave Gaussian tapered over the
first two and last two cycles. The acoustic field of this low-frequency
wave was characterized with a hydrophone (TC4038, Teledyne RESON,
Slangerup, Denmark) and found to be quite non-homogeneous, with
peak-to-peak acoustic pressures ranging from 2 to 10 kPa (15 to 75 mm
Hg) in the region of the bubble tank.

The imaging probe (ATL P4-1, Philips Healthcare, The Netherlands)
was coupled to a fully programmable Vantage 256 ultrasound system
(Verasonics Inc., Kirkland, WA, USA), and its high-frequency transmit
burst was delayed by 105 ps with respect to the DAP wave by an external
trigger signal to allow the low-frequency wave to reach full amplitude at
the imaged location. The imaging probe transmits a 4 MHz, eight-cycle
Gaussian-tapered, diverging wave with a pulse repetition frequency
(PRF) of 100 Hz. The DAP amplitude was set to O for 16 frames after
each 16™ frame to obtain an equal number of modulated frames and
unmodulated frames as a reference, representing the SAP.

Optimizing bubble concentration and acoustic pressure

The subharmonic amplitude was measured while varying the acous-
tic amplitude and testing the following bubble concentrations: 25, 50,
100, 200 and 400 uL to 800 mL (1 x 10% 2 x 10%, 4 x 10%, 8 x 10%,
16 x 10* microbubbles/mL). For each concentration, the peak acoustic
amplitude was swept from 14 to 70 kPa (28—140 kPa peak to peak) in
1.75 kPa steps, and 1280 frames (640 modulated and 640 reference)
were recorded at each setting. Recording, storing and subsequently start-
ing the new sequence took approximately 30 s. After this measurement
sequence, another measurement sequence was performed on the same
microbubble suspension to confirm the microbubble stability. In this sec-
ond measurement, the pressure was increased from 14 to 26 kPa, as this
is where sensitivity was most visible in preliminary measurements, with
the same 1.75 kPa step size used. The microbubble suspension was
refreshed before each concentration.

Image processing

The recorded radio-frequency data were beamformed once with the
full bandwidth, and once with a filter around the subharmonic frequency
(1.8—2.2 MHz). The 5 X 32 X 1280 beamformed images were grouped
and averaged, such that for each acoustic amplitude and bubble concen-
tration four images were obtained: one unfiltered without DAP (Fig. 2a),
one unfiltered with DAP (Fig. 2b), one filtered around the subharmonic
without DAP (Fig. 2c), and one filtered around the subharmonic with DAP
(Fig. 2d). The diagonal stripes in the modulated subharmonic image
(Fig. 2d) are a direct manifestation of the microbubbles’ subharmonic sen-
sitivity to the DAP, which was not visible in the fundamental signal nor in
the reference images, see Figures 2a—c. These stripes are diagonal because
the low-frequency wave traverses the imaging plane in a lateral direction
at the same speed of sound as the imaging wave traverses it axially [21].
The subharmonic intensity variation in axial direction was extracted in
the frequency domain to find the optimal acoustic imaging amplitude and
microbubble concentration. Note that this subharmonic intensity variation
(dB), in principle, could be used as a measure of the sensitivity (dB/kPa).
However, as the applied DAP amplitude varied considerably over the
imaged area, and, also considering that the intensity variation from the
DAP was not compared with a SAP change in this experiment, the exact
subharmonic intensity variation was not considered a meaningful measure
for the sensitivity to ambient pressure. One should also note that because
of noise, the change in subharmonic intensity did not go down to 0 dB
completely.
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Figure 2. Averaged B-mode images from the cross-propagat-
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This setup was used to test whether the sensitivity measured from the
DAP manipulation matched the measured sensitivity in case of a change
in SAP (Fig. 3). It consisted of the same large water tank around a sealed
bubble tank that contained the room-temperature bubble suspension
and a slice of tissue-mimicking material. This bubble tank can be pres-
surized with a cuff pump equipped with a manometer (Heine Gamma
G5; Heine Optotechnik, Herrsching am Ammersee, Germany). The
applied pressures from the cuff pump were confirmed separately with a
Delta-Cal (Utah Medical Products, Salt Lake City, UT, USA). The closest
wall of the bubble tank was placed approximately 9 cm from the dual-
frequency transducer, which was mounted on an acoustic window on
the outside of the large water tank. This dual-frequency transducer con-
sists of a low-frequency transducer and a P4-1 imaging probe, both
placed inside the custom holder. In this manner the low-frequency wave
and imaging wave co-propagate, with the resulting pressure in the
image, i.e., the instantaneous ambient pressure, the sum of the SAP and
the DAP [18]. By varying the phase offset of the DAP wave with respect
to the imaging pulse, the resulting instantaneous ambient pressure can
be varied per image. As the DAP field was not homogeneous over the
entire imaged frame, a smaller region of interest (ROI; 1.5 X 1 cm) at
a depth of 130 mm, as indicated in Figure 3, was selected. The DAP
amplitude in this ROI was 5.4 + 0.4 kPa peak to peak (corresponding
to 40 + 2.9 mm Hg).

The eight-cycle, 4 MHz imaging pulse was transmitted with a PRF of
100 Hz, with a fixed 38 ps delay from the start of the DAP using an exter-
nal trigger signal to account for the slower amplitude response of the
low-frequency (LF) transducer. Sixteen modulated frames were followed
by 16 unmodulated frames, and an additional delay of one tenth of the
low-frequency wavelength (1.75 ps) was programmed after each group
of 32 frames. After 320 frames the additional delay was reset to zero,
and this entire sequence was repeated four times, which resulted in

Low F\reqﬁency
Transducer 57 kHz

Reference
scatterer

(b)
: Subharmonic : B Fundamental 0
1-10
4 |
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210 5
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Figure 3. (a) Setup used for the co-propagation experiment. The sealed bubble
tank is imaged through an acoustic window using the combined dual-frequency
transducer. The tank is pressurized using a cuff pump and a slice of tissue-mim-
icking material provides a linearly scattering reference. (b) Example frame from
the subharmonic signal and (c) example frame from the fundamental signal with
the region of interest used for the measurement is shown by white boxes, and
the reference scatterer is shown by purple boxes. ROI, region of interest.
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Figure 4. Timing diagram used for the imaging sequence. The blue stars corre-
spond with 32 recorded frames at the indicated dynamic ambient pressure
(DAP)-modulated level, and the black squares correspond with 32 recorded
frames without DAP modulation.

capturing frames with instantaneous ambient pressures that corre-
sponded with the diagram in Figure 4. The total sequence recorded at
each SAP setting encompassed 1280 frames (4 X 320) recorded over
12.8 s. Of these 1280 frames, 640 were DAP modulated and 640 were
unmodulated control frames.

Subharmonic response to a static and DAP change

The co-propagation setup (Fig. 3) was used to compare the effect of a
change in SAP with the effect from DAP on subharmonic scattering from
the diluted microbubble suspension. The acoustic imaging pressure was set
to 70 kPa for this experiment. The bubble tank was filled with an aqueous
microbubble solution at a concentration of 8 x 10* MBs/mL. The bubble
tank was then sealed and placed in the water tank, where it was continu-
ously stirred and set to rest for 2 min. After the bubbles settled, the first
measurement sequence was recorded, then the SAP was adjusted and the
next sequence was recorded until all 31 SAP levels were recorded. Record-
ing, storing and adjusting the SAP took 25 s for each step. SAP levels were
first increased by 20 mm Hg up to a maximum of 100 mm Hg over pres-
sure, and subsequently decreased by 20 mm Hg increments down to 0 mm
Hg over pressure. This SAP cycle was repeated three times on the same bub-
ble suspension (31 measurements in total). This protocol allowed us to
assess whether hysteresis effects occur by comparing subharmonic behavior
during increasing and decreasing SAP, and allowed assessment of whether
the subharmonic behavior is reversible over consecutive pressurization
cycles. This entire measurement procedure was repeated five times using a
fresh microbubble suspension.

The recorded frames were beamformed and averaged once with
a bandpass filter around the fundamental (3.8—4.2 MHz), and once

Ultrasound in Medicine & Biology 51 (2025) 870—876

with the radio-frequency data filtered around the subharmonic (1.8
—2.2 MHz). From these beamformed images, the intensity from the
1.5 x 1 cm ROI was extracted as a measure of the subharmonic
and fundamental intensity (white boxes in Fig. 3), and the inten-
sity from the tissue-mimicking material was extracted as a refer-
ence (purple boxes in Fig. 3). The relative subharmonic intensity
was then determined by dividing the subharmonic by a fixed
value.

Results
Optimizing subharmonic sensitivity to DAP

The subharmonic intensity for four microbubble concentrations and
varying acoustic pressures is shown in Figure 6. The variation in subhar-
monic intensity was determined as a function of acoustic imaging pres-
sure for the five tested microbubble concentrations. The recordings from
the first four concentrations all showed a maximum change in subhar-
monic intensity around 2.5 dB compared with the 0.5 dB noise level
(Fig. 5a). The subharmonic intensity change for the highest MB concen-
tration (16 X 10*) never exceeded 1 dB, and was therefore not included
in Figure 5. The acoustic amplitude at which the maximum subharmonic
intensity occurred increased with MB concentration, indicating that
attenuation played a role. At 50 kPa all of the four lower MB concentra-
tions showed a subharmonic intensity change of at least 2 dB.

The subharmonic intensity change of the first (solid stars) and second
(empty squares) acoustic pressure sweep are plotted for the lower three
MB concentrations in Figures 5b—d. This shows that after the first pres-
sure sweep, similar subharmonic intensity changes in response to the
DAP can be measured. The subharmonic intensity change over this
acoustic amplitude range generally increased, and the change could
already be observed at a low acoustic amplitude of 16 kPa. This indi-
cates that the microbubbles were stable in the solution. The slight
increase in subharmonic intensity change may have resulted from gas
diffusion during the approximately 15 min duration in-between sweeps,
which is known to increase subharmonics [7].

Subharmonic sensitivity to static and DAP

The 8 x 10* MBs/mL bubble concentration was used and the acoustic
amplitude was set to 70 kPa as that showed the strongest change in sub-
harmonic. The relative subharmonic intensity, as determined in the ROI,
is plotted in blue in Figure 6 for the first six decreasing SAP levels (100,
80, 60, 40, 20 and 0 mm Hg additional SAP, respectively). The intensi-
ties obtained from the 640 DAP-modulated frames at 60, 40, 20 and
0 mm Hg (Fig. 6¢—f) were modulated by up to 4 dB, and this modulation
followed the trend of the DAP (plotted in orange). This confirmed that
the DAP has the same effect on subharmonic intensity in this co-propa-
gation experiment as observed earlier during the cross-propagation
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Figure 5. Subharmonic intensity change as a function of peak acoustic imaging pressure for four different bubble concentrations displayed by colored lines and the
noise level recorded at ambient pressure in black (a). The colored lines were obtained from fitting a second-order Gaussian through individual measurements. Subhar-
monic intensity change as a function of acoustic pressure for the first (solid stars) and second (empty squares) acoustic amplitude sweep for the lowest three microbubble

concentrations: (b) 1 x 10%, (c) 2 x 10* and (d) 4 x 10* MBs/mL.
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Figure 6. Subharmonic intensity as a function of frame num-

Subharmonic [dB]

ber (blue) plotted together with the dynamically manipulated
ambient pressure (orange) for decreasing static ambient pres-
sures starting at (a) 100 mm Hg to (f) 0 mm Hg.

DAP [mmHg]

—
o
N
O
3
o
.
)
o
I
o
)
13
3
I
<)
—_~
o
=
O
3
o
'
)
o
I
Y
5
13
3
I
Q

Subharmonic [dB]

DAP [mmHg]

—
D
~
0
3
o
'
o
o
n
N
o
3
3
I
«
—
=

al a

Pmb-Po=0mmHg

Subharmonic [dB]

DAP [mmHg]

0 200 400 600 0 200 400
Frame nr. Frame nr.

experiments. The tissue-mimicking material showed no subharmonic
intensity or sensitivity, which confirmed that the microbubbles were
responsible for the subharmonic signal. The subharmonic intensity at
100 mm Hg did not respond to the DAP, and the subharmonic intensity
at 80 mm Hg had a weak response to the DAP of approximately 1 dB.
The relative subharmonic intensities are plotted as a function of the
instantaneous ambient pressure (ie., SAP + DAP) for the entire SAP cycle

in Figure 7. The same data are shown for all five experiments with fresh
microbubble suspensions in Figure A.9. This shows foremost shows that the
unmodulated reference subharmonic intensity (black squares in Fig. 7a)
increased by 4 dB from 0 mm Hg to 60 mm Hg, then increased by 0.5 dB to
80 mm Hg, and finally decreased by 0.5 dB at 100 mm Hg. When the SAP
was removed, the subharmonic intensity followed the same trajectory
(dashed gray line in Fig. 7a and black diamond in Fig. 7d) down until 20

—
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Figure 7. Relative subharmonic intensities as a function of instantaneous over-pressure P,,,;, - P, measured during (a—c) increasing static ambient pressure (SAP) and
(d—f) decreasing SAP. (a and d) Correspond to the first SAP cycle, (b and e) with the second SAP cycle and (c and f) with the third SAP cycle. Reference subharmonic
values (denoted ‘Static’) are shown by the dashed black line with square markers. Dynamic ambient pressure-modulated intensities are shown by the dashed colored

lines.
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mm Hg, but was 1 dB higher at 0 mm Hg. For the second and third SAP
cycles (Figs. 7b, c, e, f), the subharmonic intensity as a function of static
over-pressure followed the same trajectory as during the first SAP cycle,
although the base subharmonic level increased by 1.5 dB. The same subhar-
monic trajectory as a function of static over pressure, and the same increase
in subharmonic intensity of approximately 1.5 dB, was observed for the four
repeat experiments, see Figure A.9B—E. This shows that the subharmonic
sensitivity to ambient pressure is reversible. The deviation between the sub-
harmonic intensity at 0 mm Hg measured before and after a complete SAP
cycle decreased over each SAP cycle and was negligible in the third cycle.

The DAP-modulated subharmonic intensity (the lines colored blue at
0, orange at 20, yellow at 40, purple at 60, green at 80 and teal at
100 mm Hg in Fig. 7; ‘Dynamic’ was obtained by fitting a second-order
polynomial through the 10 DAP-modulated subharmonic intensities, see
Fig. A.8) generally matched well with the reference subharmonic inten-
sities. The subharmonic sensitivity value in the SAP range of 0—60 mm
Hg (Fig. A.8) was 0.49 dB/kPa, which was in line with [22] but lower
than [23,24]. The correspondence between dynamic and static subhar-
monics was excellent, while the static over-pressure decreased (Fig. 7d
—f) but the slope was slightly underestimated during the increase in
static pressure (Fig. 7a—c).

Discussion

A dual-frequency ultrasound imaging technique was investigated
that has the potential to measure relative pressure differences. It com-
bines subharmonic CEUS imaging for pressure estimation with lower fre-
quency radial modulation to calibrate the pressure sensitivity of the
imaged microbubbles. This dynamic pressure sensitivity was compared
with the pressure sensitivity following a static pressure change. The
dynamic subharmonic sensitivity showed a good match with the static
sensitivity, although a slight underestimation of the slope was observed
during increasing SAP. The generally good correspondence between the
dynamic and statically measured subharmonic intensities indicates that
the subharmonic sensitivity to DAP is equivalent to SAP, making it possi-
ble to measure the relationship between subharmonic intensity and
ambient pressure in vivo (ie., determine the dB/mm Hg value) in an
imaging setting.

Although the sensitivity measured here was largely reversible, a
slight change in subharmonic intensity at 0 mm Hg before and after the
SAP cycle(s) was observed (Fig. 7). Another difference could be seen
between the slope of the dynamic and static subharmonics while increas-
ing the SAP (Fig. 7). Both these effects could be the result of diffusion-
driven gas exchange that potentially alters the size and subharmonic
behavior of the microbubbles between SAP levels. It would be interest-
ing to see whether these differences are still seen in a pressurization
cycle following a cardiac timescale of 1 Hz, instead of the static pressuri-
zation done here.

While dual-frequency imaging has been thoroughly investigated
for its potential to enhance microbubble signal (radial modulation)
[21,25-27], in this paper we proposed its use as a measurement
method. Dual-frequency ultrasonic imaging for the purposes of measur-
ing physical properties have been proposed before; e.g., for measuring
fat content through speed of sound changes. A strong limitation of such
an approach is that the modulating pressure needs to be precisely known
and has to be relatively high (400 kPa), which means that higher fre-
quencies (700 kHz) that are more sensitive to attenuation are employed
[28], thus limiting the quantitative value of the measurement. For the
low-frequency wave used here attenuation was negligible [28], and thus
it could be used to reliably relate subharmonic intensities to a difference
in hydrostatic pressure irrespective of the imaged area.

While attenuation does affect the higher frequency imaging wave,
and thus conventional SHAPE, by altering the driving force and resulting
behavior of the microbubbles [22], this issue is bypassed in part by opti-
mizing the acoustic intensity on a per-patient basis [16]. Although this
protocol maximizes subharmonic sensitivity, it does not address the

875
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spatiotemporal variation of microbubbles in the body. This time depen-
dency still poses a limiting factor, as the examination time is not always
known a priori. It also limits the direct applicability in a medium differ-
ent than blood [29], or when other agents are present in the blood [7].
Given this uncertainty in applicability and sensitivity values, an intrinsic
calibration via dual-frequency ultrasound could help to enable wide-
spread usage of minimally invasive pressure measurements in ultra-
sound imaging. It could achieve this by: (i) always providing
quantitative pressure values, (ii) allowing it to be used in situations
where it is currently is ambiguous (such as in the bladder [29]) and
(iii) adding resilience to spatiotemporal variations in the imaged
microbubbles.

The measurements as a function of SAP cycles shown in Figure 7
show an increase in subharmonics with ambient pressure from O to
60 mm Hg, and then a plateau at around 80 mm Hg followed by a slight
decrease to 100 mm Hg. This tri-phasic subharmonic sensitivity behav-
ior of SonoVue has been measured before [23,24,30—33], although
other studies measured a strictly negative sensitivity (decreasing with
SAP) from SonoVue [22,34]. This apparent inconsistency appears to be
related to the imaging pressure amplitude [23,31] as the subharmonic
sensitivity becomes negative for higher driving pressures (above
400 kPa [30,34]), which is more in line with the behavior as seen from
other types of contrast agents [9]. High-amplitude driven subharmonics
rely on compression-driven size changes of the gas core as opposed to
the low-amplitude subharmonics, which are sensitive via lipid packing.
The downside of these higher amplitude subharmonics is that they are
prone to acoustic deflation [22], which could lead to irreversible
changes, rendering it impossible to measure ambient pressure changes
on the same microbubbles. However, high-amplitude subharmonics
have been demonstrated in vivo [11,12,35] and may in fact be more
resilient to changes from static pressurization [34]. Therefore, it would
be worthwhile to investigate whether the dual-frequency strategy can
calibrate the sensitivity of high-amplitude driven subharmonics.

Implications

The dual-frequency technique we investigated has the potential to
allow quantitative local blood pressure difference measurements from
CEUS imaging. However, this technique does not provide an absolute
pressure measurement as the baseline pressure level is unknown.
Although in principle this measurement technique could be applied
wherever CEUS is applicable, we envision some practical implementa-
tions. One such implementation could be to quantify the pressure drop
over an arterial stenosis by adjusting the DAP amplitude such that it
bridges the difference in subharmonic intensity before and after the ste-
nosis. Another implementation could be to measure the intra-cranial
pressure by dynamically matching the subharmonic intensities of the
intra-cranial and extra-cranial part of the ophthalmic artery, similar to
the approach of two-depth transcranial Doppler [36] but without the
need for pressurizing the tissue around the eye. To minimize the ampli-
tude of the low-frequency wave (that could introduce adverse biological
effects [37]), a strategy could be adopted that continuously measures
the subharmonic sensitivity to DAP by transmitting a group of three
pules, one at the negative and positive peaks of the LF wave, and one
unmodulated reference frame. The sensitivity derived from the modu-
lated frames could then be used to measure the pressure change from
the current to the next reference frame. The downside of the dual-fre-
quency technique proposed here is that it does require specialized hard-
ware, namely a custom dual-frequency transducer or a low-frequency
attachment for existing probes.

Conclusion
Subharmonic microbubble oscillations are responsive to ambient

pressure, but deriving meaningful pressure estimations from subhar-
monic CEUS imaging is difficult as subharmonics also depend on
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other factors. Here, we showed that a low-frequency ultrasound
wave with a known acoustic amplitude can provide real-time feed-
back on the subharmonic sensitivity to ambient pressure. This can
enable quantification of blood pressure differences from subhar-
monic CEUS imaging.

As a proof of principle of this dual-frequency technique, we com-
bined a low-frequency single-element transducer with an imaging probe
and imaged the effect of a static pressure cycle on the subharmonic scat-
tering from a microbubble suspension. The results show a good match
between the subharmonic sensitivity from the dynamic and from the
static over-pressure.
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