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Improved Sensitivity of Ultrasound-
Based Subharmonic Aided Pressure
Estimation Using Monodisperse
Microbubbles
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Jaydev K. Dave, PhD, Kausik Sarkar, PhD , Corinne E. Wessner, MBA, John R. Eisenbrey, PhD

Objectives—Subharmonic aided pressure estimation (SHAPE) has been shown
effective for noninvasively measuring hydrostatic fluid pressures in a variety of
clinical applications. The objective of this study was to explore potential
improvements in SHAPE sensitivity using monodisperse microbubbles.

Methods—Populations of monodisperse microbubbles were created using a
commercially available microfluidics device (Solstice Pharmaceuticals). Size dis-
tributions were assessed using a Coulter Counter and stability of the distribution
following fabrication was evaluated over 24 hours. Attenuation of the micro-
bubble populations from 1 to 10 MHz was then quantified using single element
transducers to identify each formulation’s resonance frequency. Frequency spec-
tra over increasing driving amplitudes were investigated to determine the
nonlinear phases of subharmonic signal generation. SHAPE sensitivity was evalu-
ated in a hydrostatic pressure-controlled water bath using a Logiq E10 scanner
(GE Healthcare).

Results—Monodisperse lipid microbubble suspensions ranging from 2.4 to
5.3 μm in diameter were successfully created and they showed no discernable
change in size distribution over 24 hours following activation. Calculated reso-
nance frequencies ranged from 2.1 to 6.3 MHz and showed excellent correlation
with microbubble diameter (R2 > 0.99). When investigating microbubble fre-
quency response, subharmonic signal occurrence was shown to begin at 150 kPa
peak negative pressure, grow up to 225 kPa, and saturate at approximately
250 kPa. Using the Logiq E10, monodisperse bubbles demonstrated a SHAPE
sensitivity of �0.17 dB/mmHg, which was nearly twice the sensitivity of the
commercial polydisperse microbubble currently being used in clinical trials.

Conclusions—Monodisperse microbubbles have the potential to greatly improve
the sensitivity of SHAPE for the noninvasive measurement of hydrostatic
pressures.

Key Words—microfluidics; monodisperse; pressure estimation; subharmonic;
ultrasound contrast agents

H ydrostatic pressure measurements are required for the
diagnosis and management of a wide variety of clinical
diseases.1–3 Currently, absolute pressure measurements

are obtained by the invasive placement of pressure sensing
catheters, with the patient under partial or full anesthesia. While
these techniques are well established, the controversy regarding
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the possibility of increased mortality and utilization of
resources associated with pressure catheter use has
highlighted the need for accurate noninvasive measure-
ment of fluid pressures in several applications.1–3 In
addition, the costs and associated risks of these procedures
(primarily attributed to the need for anesthesia) limit the
regularity of data collection via catheter.

Ultrasound contrast agents (UCAs) have been pro-
posed as a tool for noninvasive quantification of fluid
pressure. A number of microbubble-based pressure esti-
mation techniques have been proposed, the majority of
which rely on the shift in bubble resonance frequency as a
function of pressure.4–6 However, these methods are lim-
ited by their lack of sensitivity to measure small pressure
variations and produced in vitro errors exceeding 30% or
as high as 50 mmHg, which is clinically unacceptable.7

As an alternative, the amplitude of a microbubble at
the subharmonic frequency (half the transmit frequency)
varies with hydrostatic pressure.8 As a function of incident
acoustic pressure, the subharmonic signals undergo three
stages: occurrence, growth, and saturation.8 In the growth
stage, the subharmonic component rapidly increases with
incident acoustic pressure and usually has high ampli-
tudes above the background noise (or occurrence stage).
Within this regime, the subharmonic amplitude shows an
inverse and linear relationship with the surrounding fluid
pressure for most commercial UCAs.8,9 This phenome-
non has led to the development and refinement of
subharmonic aided pressure estimation (SHAPE). Using
clinically approved UCAs, this approach has been shown
to provide accurate in vivo pressure estimates in a variety
of animal models.10–12 More recently, the utility of
SHAPE has been validated in clinical trials for the diagno-
sis of portal hypertension,13–15 quantifying cardiac
pressures,16 and monitoring interstitial fluid pressures in
tumors over the course of neoadjuvant chemotherapy.17

The SHAPE algorithm is now implemented on
two commercial ultrasound scanners for general
use.18 However, its sensitivity at lower hydrostatic
pressures is still suboptimal. Currently, SHAPE pro-
vides up to 14 dB reduction in the subharmonic
amplitude over a pressure increase of 180 mmHg (ie,
0.078 dB/mmHg) under optimized acoustic condi-
tions.9 However, our group and others have devel-
oped theoretical models of the SHAPE response
based on individual bubbles and identified potential
sensitivities of >0.13 dB/mmHg using optimized
microbubble parameters.19–23 Thus, the potential

exists to triple the current sensitivity of SHAPE,
thereby greatly reducing the overall errors associated
with lower pressure measurements. However, these
models assume a single microbubble or a monodis-
perse bubble population, which does not reflect the
current UCAs used in the clinic. One solution to this
limitation has focused on advances in the field of
microfluidics that have enabled fast and inexpensive
fabrication of monodisperse stabilized micro-
bubbles.24–26 These systems are now commercially
available for research applications and provide cus-
tomization of microbubble size and material proper-
ties. Consequently, the purpose of this study was to
investigate the use of monodisperse microbubbles for
SHAPE and ascertain their potential to improve its
overall sensitivity.

Methods

This manuscript is exempted from obtaining informed
consent. Institutional review board and institutional
animal care and use committee approvals were not
obtained for this study as only in vitro results were
obtained. Monodisperse microbubbles were created
using a commercial microfluidics device specifically
designed for UCA fabrication (Microsphere Creator;
Solstice Pharmaceuticals, Enschede, Netherlands). This
system uses a cartridge of proprietary lipid mixture
(primarily 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
and N-(carbonyl-methoxypolyethylene glycol-5000)-1,
2-dipalmitoyl-sn-glycero-3-phosphoethanolamine) that
is activated prior to use to create octoflouropropane
microbubbles with a lipid shell. During activation, the
gas-to-liquid flow rate ratio in the microfluidic chip
was tailored to the desired microbubble diameter. Fol-
lowing activation by gentle hand agitation for
30 seconds, the polydispersity index, mean bubble
diameter, and geometric standard deviations (GSD)
were measured using a Coulter Counter (MultiSizer 4e,
Beckman Coulter, Brea, CA) and compared to SonoVue
(Bracco Spa, Milan, Italy). The polydispersity index is a
unitless measure defined as the square of the particle
size standard deviation divided by the mean particle
diameter, where a value of 0 represents a perfectly uni-
form sample and 1 represents a highly polydisperse sam-
ple. The geometric standard deviation is a dimensionless
number and reflects how spread out a set of numbers is
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relative to the average geometric mean. Following acti-
vation, shelf-life stability was evaluated under room tem-
perature conditions by repeating size measurements
after 5 minutes, 3 hours, 6 hours, and 24 hours.

Resonance frequency of the varying monodisperse
populations and SonoVue at ambient pressure was
quantified using an attenuation approach described by
de Jong et al.27 Briefly, microbubbles were held in a con-
tainer at room temperature with inner dimensions of
4 � 4 � 8 cm (W � L � H) and continuously stirred
in 110 ml of air-saturated saline. This chamber contains
an acoustically transparent window with diameter of
2.8 cm in the front wall and a 1 cm metallic plate for
reflecting the acoustic beam in the rear wall. The win-
dow membrane was 80-μm thick polyester film (Sadipal
Plus 80, Sadipal, Girona, Spain). A 5.0 MHz immersion
transducer (V309-SU, Olympus, Waltham, MA) was
used for transmitting a broad-band pulse at 2.5 Hz using
a Pulser-Receiver (DPR300, JSR Ultrasonic, Pittsford,
NY) in echo mode. Initial broadband pulses were gener-
ated and averaged over 50 pulses at 2.5 Hz to calculate
the frequency response of the background. Then 7.5 μl
of monodisperse microbubbles where added to the con-
tainer and homogeneously distributed through continu-
ously stirring of the solution using a magnetic stir bar to
obtain a number density of around 10,000 microbubbles
per ml. A further 50 pulses were recorded and averaged
to calculate the frequency response of the monodisperse
microbubbles. Finally, the attenuation as a function of
frequency was calculated by subtracting the background

signal from the bubble signal and normalizing it for the
transducer transfer function.

The ability of monodisperse microbubbles to
generate subharmonic signals was investigated in a
room temperature water bath using single element
transducers. For these experiments, 4 μm bubbles
were suspended and insonated at 3.6 MHz (the bub-
ble’s approximate resonance frequency). An arbitrary
64 cycle pulse train with rectangular window was gen-
erated and averaged over 50 pulses at 100 Hz. The
frequency response was then calculated and plotted at

Figure 1. Example data showing size distribution of SonoVue
(black) ultrasound contrast agent and five monodisperse lipid
microbubbles with varying diameters.

Figure 2. Size distribution stability over 24 hours post activation of a
4 μm bubble. Less than 10% change in mode diameter of the bubble
is observed over this period (insert), indicating the bubble size distri-
bution remains stable over time. The size distribution is represented
as a volume-weighted size distribution normalized by area.

Figure 3. (A) Attenuation curves of the different microbubble
populations identified in Figure 1 (black = SonoVue, Blue, orange,
yellow, purple, and green = 2.4, 3.3, 3.6, 4.4, and 5.3 μm diameter
monodisperse microbubbles, respectively). (B) Correlation of reso-
nance frequencies from the monodisperse bubble data on left with
microbubble diameter (R2 > 0.99).
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Figure 4. Frequency response of a 4 μm monodisperse bubble population insonated at a frequency of 3.6 MHz at ambient pressure.
Subharmonic signal begins to occur at 150 kPa peak negative pressure, undergoes growth up to 225 kPa, and reaches the saturation phase
at approximately 250 kPa. Plotting the relationship between subharmonic amplitude and acoustic pressure generates a nonlinear S-curve
(bottom right) normally associated with SHAPE.
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driving pressure amplitudes ranging from 100 to
250 kPa peak negative pressure.

Microbubble SHAPE sensitivity was also evaluated
using commercially available software on the GE Logiq
E10.18 Two monodisperse microbubble formulations con-
sisting of 3.0 and 3.5 μm diameter bubbles were used as
well as the commercial UCA Sonazoid (GE Healthcare,
Oslo, Norway). Following manual agitation, 0.15 ml of

each microbubble solution was suspended in 600 ml of
phosphate-buffered saline at room temperature. This
resulted in a number density of approximately 51,000
microbubbles per ml for the 3.0 μm microbubbles
and 40,000 microbubbles per ml for the 3.5 μmmonodis-
perse microbubbles. The microbubble mixture was placed
in a custom-built, acrylic pressurized tank with an acousti-
cally transparent window and continuously stirred.9

Figure 5. SHAPE power optimization process on the Logiq E10 for Sonazoid (top image) and 3.0 μm monodisperse microbubbles
(bottom). In the left panels, both subharmonic (gold image) and B-mode (grayscale) enhancement is observed. In the right panels, signal
intensity (y-axis) increases over time (x-axis) as the acoustic output is incrementally increased to a mechanical index of 0.5 at a fixed rate.
Resultantly, this provides an indicator of subharmonic signal as a function of acoustic output power. A nonlinear S curve response is seen
for both agents with subharmonic occurrence, growth, and saturation phases taking place. Microbubble destruction of the monodisperse
agent is also seen at higher acoustic pressures, indicating bubble destruction (white arrows).
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Imaging was performed using a C2-9 probe transmitting
2.5 MHz pulses. The subharmonic imaging presets on
this system generate 3 pulse amplitude modulation
firings of 4 cycle pulses with a Gaussian windowed bino-
mial filtered square wave with dynamic focusing. Data
were acquired at 11 frames per second with a 0.5 MHz
bandwidth filer centered around the subharmonic
(1.25 MHz). A power optimization sequence, which
steps through each available acoustic output power up
to 50% was activated and the region of maximal SHAPE
sensitivity within the subharmonic growth phase was
identified.18 The selected optimized acoustic power was
then used to collect 5 seconds of subharmonic data in
triplicate at 0, 26, 52, and 78 mmHg overpressure. Linear
regression analyses were used to compare SHAPE data
(ie, subharmonic amplitudes) and hydrostatic pressures
in GraphPad Prism V9 (San Diego, CA).

Results

Initial monodisperse lipid microbubbles were success-
fully fabricated with approximate mean diameters of 2.4,
3.3, 3.6, 4.4, and 5.3 μm diameter with corresponding
polydispersity index (PDI) of 8.7, 8.5, 7.8, 7.4, and 7.1%,
and GSD of 1.09, 1.09, 1.08, 1.08, and 1.07, respectively.
These data are shown in Figure 1 with SonoVue (mean
diameter= 1.0 μm, PDI= 36.6, GSD= 1.35) provided
for comparison. Shelf stability following activation was

also investigated over a 24-hour period in a similar pop-
ulation of 4.0 μm bubbles and demonstrated less than
10% change over time in mode diameter, indicating
changes in size resulting from gas diffusion in vitro are
negligible (Figure 2).

Attenuation curves were generated for each micro-
bubble population shown in Figure 1 and used to
determine the corresponding resonance frequency.
Attenuation curves of 2.4, 3.3, 3.6, 4.4, and 5.3 μm in
diameter monodisperse bubbles and of SonoVue are
shown in Figure 3A. Resonance frequencies for the
monodisperse bubbles ranged from 2.1 to 6.3 MHz. As
expected, monodisperse bubbles showed a much
tighter attenuation band relative to the polydisperse
commercial agent (approximate �6 dB bandwidths of
1.5 MHz vs. 7 MHz). Figure 3B shows the correlation
between monodisperse bubble populations and their
resonance frequency (R2 > 0.99). The resonance fre-
quency, as expected, decreases with increasing radius.

Initial experiments with single element transducers
were used to confirm the generation of subharmonic
signals from the monodisperse microbubbles. Example
frequency spectra from a 4 μm diameter population of
bubbles are shown in Figure 4. Clear peaks are seen at the
driving frequency and the second harmonic (approxi-
mately 3.75 and 7.5 MHz, respectively) at all insonation
pressures. Occurrence of the subharmonic peak (dotted
lines) begins at 150 kPa peak negative pressure.
Subharmonic amplitude as a function of acoustic pressure

Figure 6. Subharmonic response of Sonazoid (black), 3 μm monodisperse microbubbles (blue), and 3.5 μm monodisperse microbubbles
(red) in response to increasing hydrostatic pressure.
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is also provided in Figure 4, demonstrating nonlinear,
S-curve behavior previously described in the literature.8,9

As a proof of concept, the sensitivity of 3.0 and
3.5 μm monodisperse bubbles to hydrostatic pressure
were compared to Sonazoid using a commercially avail-
able scanner and SHAPE algorithm. Subharmonic signal
was visible in the dual imaging mode for all agents
(Figure 5; left images). Acoustic output optimization
was run for each agent to determine the optimal trans-
mit pressure for SHAPE. Time-intensity curves of the
subharmonic amplitude during incremental acoustic
output increases (Figure 5; right graphs) demonstrated
the nonlinear S-curve behavior previously described in
the literature8,9 for all agents. However, it was noted that
microbubble destruction was observed at lower acoustic
outputs (a mechanical index of approximately 0.25)
for the monodisperse bubbles relative to Sonazoid
(Figure 5; white arrows). Following acoustic output opti-
mization, SHAPE data were collected at 0, 26, 52, and
78 mmHg overpressure (Figure 6). Subharmonic signal
from all agents demonstrated an inverse linear relation-
ship with hydrostatic pressure. Sonazoid demonstrated
an overall sensitivity of�0.081 dB/mmHg and a correla-
tion of R2 = 0.96. The population of monodisperse
3.0 μm bubbles showed an overall sensitivity of
�0.137 dB/mmHg and correlation of R2 = 0.96. The
population of monodisperse 3.5 μm bubbles showed an
overall sensitivity of �0.168 dB/mmHg and correlation
of R2= 0.93.

Discussion

Noninvasive and accurate measurement of pressure
using SHAPE has been demonstrated in a variety of
clinical applications.10–18 Sonazoid was first shown to
be useful for the diagnosis of portal hypertension in
canine models and in a pilot, human clinical trial.11,13

More recently, these findings were validated as part
of a multi-center clinical trial and also shown to be
effective for monitoring progression of portal pres-
sures in patients with chronic liver disease.14,15,28 in
addition, Sonazoid-based SHAPE has been shown to
be feasible for the noninvasive measurement of cardiac
pressures in both canines and humans.10,29 Similar
translation has been undertaken using SHAPE with
Definity (Lantheus Medical Imaging, N Billerica, MA)
for cardiac pressure estimation,16 and for tracking

changes in interstitial fluid pressure in breast cancers
over the course of neoadjuvant chemotherapy.17

SHAPE using Lumason/SonoVue has also been dem-
onstrated in vitro, although a positive linear relation-
ship was observed with hydrostatic pressure up to
75 mmHg switching to an inverse linear relationship
above 125 mmHg similar to other agents.30 While
results from these studies are encouraging, the sensitiv-
ity of SHAPE at lower hydrostatic pressures remains
limited. This may be particularly important in lower
pressure applications such as differentiating normal
patients from patients needing moderate pharmacolog-
ical intervention for portal hypertension, right heart
pressures (2–6 mmHg for the right atrial pressure and
0–8 mmHg diastolic pressure in the right ventricle are
considered normal), and monitoring of intracranial
pressures (where a difference of 5 mmHg differentiates
normal conditions versus those requiring intervention).

Results described in this work show that
monodisperse microbubbles specifically designed for
SHAPE have the potential to greatly increase sensitiv-
ity to hydrostatic pressure compared to relying on
polydisperse agents designed for diagnostic imaging.
Monodisperse lipid bubbles were shown to be well
controlled and stable for up to 24 hours following
activation. The resonance frequency of these agents
was shown to be well defined and correlating strongly
with mean diameter. While these bubbles were found
to be less stable at higher acoustic pressures (microbubble
destruction was observed in Figure 5 at a mechanical
index of approximately 0.25), a strong inverse correlation
(R2 > 0.93) was observed, and the sensitivities (�0.14
to �0.17 dB/mmHg) were nearly double the current
sensitivity being achieved with a commercial agent. Inter-
estingly, the optimal acoustic output for these agents was
found to be higher than the commercial UCA as shown
in Figure 5. These findings demonstrate the potential
improvements to SHAPE suggested by modeling work
predicting the behavior of single or monodisperse bubble
populations.19–23

While our results are encouraging, several limita-
tions exist and should be further explored moving
forward. Modeling work stresses the importance of
matching acoustic parameters to the specific micro-
bubble used to maximize SHAPE sensitivity.19 This
includes matching of resonance frequency (which
varies dramatically by size as shown in Figure 3),
pulse length, and pulse shape, all of which have been
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shown to influence subharmonic and SHAPE behav-
ior.11,31 We expect optimization and tailoring of
acoustic transmit parameters can be achieved mov-
ing forward to further improve the sensitivity of
SHAPE. To accommodate inherent variability in
future patients, this may require modeling efforts or
real-time feedback (similar to what is currently used
to optimize acoustic outputs on a patient-by-patient
bases18). A second limitation involves the use of
saline at room temperature, due to benchtop setup
restrictions. While hematocrit concentration in
blood mimicking fluid and in patients with chronic
liver disease has been shown to not influence
SHAPE,32 temperature may influence diffusion of
the gas bubble over time and effect SHAPE measure-
ments. Finally, results to date are based entirely on
static conditions in vitro with a limited number of
sizes. Future work in vivo is needed to assess
improved sensitivity of these agents under physio-
logically relevant conditions over a variety of sizes
before findings can be fully extrapolated to clinical
applications.

In conclusion, the current sensitivity of SHAPE
for noninvasive pressure estimation is limited by
reliance on clinically approved, polydisperse micro-
bubbles fabricated for diagnostic imaging. This study
demonstrates the potential improvements in SHAPE
sensitivity using customized, monodisperse micro-
bubbles. Future tailoring of acoustic transmit parame-
ters to specific monodisperse bubbles is expected to
further improve these sensitivities and justify further
translation toward clinical applications.
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