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A R T I C L E I N F O A B S T R A C T

Changes in physiological pressures play a key role in the development and progression of human disease pro-
cesses. Thus, the assessment of pressures within blood vessels and other bodily compartment is crucial in the diag-
nosis and management of multiple medical conditions. Presently, techniques for pressure measurement are
invasive or have limited accuracy and scope of assessment. Utilizing the subharmonic signal of ultrasound con-
trast agents offers a promising solution that could address these limitations. After the initial development of this
technology in the late nineties, further investigation has brought subharmonic pressure estimation from in vitro
exploration to attempts at clinical implementation. However, lack of availability of subharmonic imaging on most
clinical scanners, and variability of subharmonic response with different contrast agents have impeded clinical
acceptance and widespread use of this modality. This review examines subharmonic imaging and the use of ultra-
sound contrast agents for estimating physiological pressures, particularly in the heart and portal venous system. A
focus is placed on clinically relevant physiologic pressures and their existing measurement approaches, the phys-
ics of subharmonic signal generation, in vitro studies demonstrating key findings, and more recent clinical trials.
The review also highlights present limitations and future research directions that may help advance clinical
translation.
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Introduction

Alterations in physiologic pressures are a fundamental aspect in the
emergence and evolution of multiple human diseases. In particular,
heart failure, cirrhosis, and pulmonary hypertension are complex medi-
cal conditions resulting in significant patient mortality and morbidity,
as well as considerable healthcare expenditure [1−4]. A shared feature
in the physiology of all three of these disease processes is the develop-
ment of elevated vascular pressures which subsequently results in mal-
adaptive clinical manifestations. Heart failure is defined as a clinical
syndrome with symptoms and signs caused by a structural or functional
cardiac impairment that leads to pulmonary and systemic vascular con-
gestion [5]. Pulmonary hypertension is a heterogeneous condition
marked by an abnormal increase in pulmonary artery pressures, which
occurs through a variety of precipitating causes [6]. Broadly, this is due
to processes causing increased resistance to flow in the pulmonary circu-
lation, including vascular remodeling, recurrent blood clots, or left-sided
heart failure. In both heart failure and pulmonary hypertension, elevated

cardiac and pulmonary pressures can cause peripheral edema, progres-
sive ventricular failure, arrhythmias, cardiorenal syndrome, hepatic dys-
function, and respiratory failure [7,8]. Cirrhosis is characterized by
progressive liver fibrosis and impaired function due to underlying causes
such as alcohol use, hepatitis, autoimmune disease, or metabolic dys-
function-associated steatotic liver disease [9]. With ongoing fibrosis,
remodeling of the liver vasculature leads to elevation in pressures in the
portal venous system, resulting in variceal bleeding, ascites, peripheral
edema, and kidney impairment. Therefore, the measurement of portal
vein, cardiac, and pulmonary arterial pressures is important in the diag-
nosis and management of these diseases. Effective care of other disease
processes, such as essential hypertension or disorders associated with
elevated intracranial pressure, also relies on knowledge of pressure val-
ues. Presently, there are two overall approaches to the assessment of
physiologic pressures within the body: direct invasive measurement
using a pressure catheter or non-invasive estimation using various
modalities, such as ultrasound, pressure cuffs, and impedance devices.
However, catheterization carries procedural risks and is costly [10−15],
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while current non-invasive technologies have a limited scope of assess-
ment and varying degrees of accuracy [14−20].

A promising technique in addressing these limitations utilizes con-
trast-enhanced ultrasound (CEUS). Diagnostic ultrasound is a safe, bed-
side, and low-cost diagnostic imaging modality with a wide variety of
clinical applications [21]. Ultrasound has allowed for real-time visuali-
zation of multiple organs, vascular structures, soft tissues, body cavities,
and joint spaces. A significant advancement in the field of medical ultra-
sound was the development of microbubble ultrasound contrast agents
(UCAs) [22]. CEUS is now regularly used to improve the quality of ultra-
sound imaging, with left ventricular opacification being one of the most
used clinical applications. Unlike the contrast material of other imaging
modalities, UCAs are a blood pool agent and provide important informa-
tion about the macro- and micro-vasculature. The gas-filled microbub-
bles are encapsulated with a protein or lipid shell, and when exposed to
ultrasound, oscillate and generate a nonlinear echo response that can be
separated from the linear signal derived from tissue. While conventional
CEUS forms images with the nonlinear signal (whole harmonics of the
transmit frequency), another approach is to form images with the sub-
harmonic signal (half the transmit frequency) that only microbubbles
generate [22,23]. In the late 1990s, the subharmonic signal of UCAs
were also investigated for their ability to measure hydrostatic pressure
in its surrounding medium. Shi et al. in 1999 demonstrated sensitivity to
changes in hydrostatic pressure with commercially available UCAs
(shelled microbubbles) [24]. It was shown that the subharmonic compo-
nent of the echo signal generated from the UCA Levovist decreased line-
arly with increasing hydrostatic pressure of the surrounding fluid. This
relationship became the basis for pressure estimation using UCAs, as
they can be delivered to and visualized in nearly any vascular site within
the body. This approach, most commonly referred to as subharmonic-
aided pressure estimation (SHAPE), has now been further explored
through several in vitro studies, animal experiments, and human clinical
trials. Despite many investigations, technical limitations such as the
need for a secondary device to calibrate subharmonic signal to absolute
pressure [25−33], uncertainty surrounding the most effective methodol-
ogy due to the broad range of acoustic parameters (transmit frequency,
pulse length, acoustic pressure) and microbubble formulations, and
installation in only a limited number of scanners have impeded clinical
acceptance and broad use of this modality.

In this review, we describe the relevant knowledge and literature
encompassing subharmonic imaging and the use of the subharmonic sig-
nal of UCAs for physiologic pressure estimation, with a particular
emphasis on evaluating cardiac and portal vein pressures. First, we
review the current guideline-accepted techniques for pressure measure-
ment and non-invasive pressure estimation. We then discuss the physical
mechanisms behind subharmonic signal generation from microbubbles,
the influence of hydrostatic pressure, and the initial in vitro studies
exploring UCA pressure sensitivity. Finally, we highlight recent studies
involving early clinical implementation of this technique, limitations of
these efforts, and possible areas of future study to advance this technol-
ogy, all of which may be important for its complete clinical translation
and widespread use in medicine. Further, we believe that the multidisci-
plinary perspective offered, integrating the viewpoints of engineers and
physicians, will contribute meaningfully to the development of a clini-
cally relevant approach.

Current methods for physiologic pressure measurement

Cardiopulmonary pressures

Assessment of cardiopulmonary pressures is performed primarily by
direct measurement via invasive catheterization or indirect estimation
via noninvasive Doppler echocardiography [17,34−36]. During direct/
invasive measurement, pressures can be measured in the peripheral
arteries via arterial catheterization, in the left heart chambers and cen-
tral arteries via left heart catheterization (LHC), or in the venous system,

right heart chambers, and pulmonary arteries via right heart catheteriza-
tion (RHC). RHC also provides an estimate of left atrial pressure
obtained by “wedging” the inflated catheter into a distal pulmonary
artery, allowing pressure equilibration with the left heart and yielding
the pulmonary arterial wedge pressure (PAWP) [34]. Figure 1 shows the
approximate normal ranges for these values [37]. The mean pulmonary
artery pressure (mPAP) and PAWP are of particular importance as they
define pulmonary hypertension (mPAP > 20 mm Hg) and identify the
presence of impaired left heart function (PAWP > 15 mm Hg) [38]. The
full range of pressures encountered in the majority patients with and
without disease during the evaluation of the pulmonary arteries and
right heart chambers is generally between ∼0 and 100 mm Hg [39,40].
RHC is particularly valuable as it is currently required for the diagnosis
of pulmonary hypertension, is used in the evaluation of heart failure,
and is employed in the intensive care unit to help manage patients with
complex forms of shock. LHC is performed similarly, with insertion of a
catheter into the femoral artery or radial artery and advancement to the
aorta, coronary arteries, and left heart chambers [35]. Both RHC and
LHC provide highly accurate pressure measurements but are invasive
procedures associated with procedural risks and high costs [10−12].

Doppler echocardiography is non-invasive but provides limited pres-
sure data with only right atrial pressure (RAP) and right ventricular sys-
tolic pressure (RVSP) being routinely estimated [36]. Further, as these
values are indirectly based on other parameters, they can be inaccurate
or cannot be calculated at all if measurements of the underlying parame-
ters are missing. RAP equilibrates with the central veins and is thus
approximated using the diameter and degree of collapse of the inferior
vena cava (IVC) during a sniff maneuver [36]. Limitations include poor
accuracy, provision of pressure ranges rather than a single absolute pres-
sure value, and use of this approach being precluded in certain clinical

Figure 1. Diagram of the cardiac chambers with respective normal cardiopul-
monary pressure ranges in mm Hg. For locations exhibiting significant differen-
ces during systole and diastole, the systolic pressure range is placed immediately
above the diastolic pressure range. RA, right atrium; RV, right ventricle; LA, left
atrium; LV, left ventricle; PA, pulmonary artery; PAWP, pulmonary artery wedge
pressure.
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scenarios, such as when patients receive positive pressure ventilation.
Jugular venous ultrasound has been recently described as another
method used to estimate RAP but also suffers from limited accuracy
[41]. RVSP is derived through use of the modified Bernoulli equation,
which describes the relationship between pressure, kinetic energy, and
gravitational potential energy of fluid in an enclosed container [36].
When applied to blood flow in the heart, the Bernoulli equation can be
simplified to calculate the pressure change between two different loca-
tions as a function of flow velocity. This is specifically applied to deter-
mine the pressure gradient between the right atrium and right ventricle,
with the flow velocity being the peak tricuspid valve regurgitant velocity
(TRV). Continuous wave Doppler is utilized to measure TRV. The esti-
mated pressure differential is then added to the RAP, estimated from
IVC measurement, to determine the RVSP, which typically closely
approximates pulmonary artery systolic pressure (PASP).

Several studies have also compared RVSP and PASP estimation with the
gold standard of RHC measurements. The R-squared value between PASP
estimated from echocardiography and RHC has been shown to be 0.49,
with echocardiography having a sensitivity of 83% and specificity of 72%
in the diagnosis of pulmonary hypertension [19]. Accuracy is further
reduced in patients with lung disease [18]. Additionally, absence of detect-
able tricuspid regurgitation does not necessarily indicate lack of elevated
pulmonary artery pressures. One study evaluated patients referred for RHC
and found that 36% of patients had had an unmeasurable TRV on echocar-
diogram, and 53% of those patients were subsequently found to have ele-
vated pulmonary pressures on RHC [42]. For the left heart,
echocardiography does have some efficacy in being able to predict left-
sided pressure elevation in certain clinical scenarios [43], but is unable to
determine the absolute left atrial or left ventricular pressures.

Portal venous pressure

Analogous to cardiac pressure measurement, the reference method
for portal pressure requires catheterization [14,44]. A balloon-tipped
catheter is inserted in the right internal jugular vein and advanced to
the right hepatic vein with fluoroscopic guidance. The free hepatic

venous pressure is first recorded, after which the balloon is inflated to
occlude the hepatic vein and allow for measurement of the wedged
hepatic venous pressure. The free hepatic venous pressure value is then
subtracted from the wedged hepatic venous pressure value to determine
the hepatic venous pressure gradient (HVPG), which is the accepted sur-
rogate measurement of portal venous pressure. Figure 2 displays a dia-
gram of the hepatic vasculature in normal and cirrhotic liver during
HVPG measurement. The normal range for HVPG is 1−5 mm Hg, with
elevation beyond 10 mm Hg specifically associated with higher rates of
complications and mortality. Therefore, an HVPG value of 10 mm Hg or
greater defines clinically significant portal hypertension [14]. The over-
all range of pressures typically encountered in patients during this proce-
dure is ∼0−40 mm Hg [45]. In addition to the invasiveness of the
procedure, constraints include high cost and limited availability due to
the expertise required; direct measurement of the portal venous pressure
is generally not performed as it is even more invasive [14]. There are
presently no guideline-accepted indirect methods for absolute portal
venous pressure or HVPG measurement [14,16].

Other anatomical pressures

Arterial blood pressure values are most often used in the identifica-
tion of patients with essential hypertension and for the monitoring of
hospitalized patients. Use of a sphygmomanometer to measure arterial
blood pressure is sufficient in most circumstances except in the intensive
care unit and the operating room where arterial catheterization is
required for continuous hemodynamic monitoring [13]. Intracranial
pressure (ICP) monitoring is crucial for the management of neurologic
processes, such as traumatic brain injury and subarachnoid hemorrhage,
as it can identify pathologic elevations that can lead to life-threatening
herniation and/or global hypoperfusion [15]. The normal range for ICP
is approximately 7−15 mm Hg while values greater than 20 mm Hg are
considered to be elevated [15,46]. Invasive evaluation with a ventricular
catheter or intraparenchymal transducer is the preferred and most accu-
rate methodology. Intraocular [47], intra-abdominal [48], pleural [49],

Figure 2. Representation of the measurement of the hepatic venous pressure gradient (HVPG). (a) depicts measurement of the HVPG in normal liver vasculature. After
occlusion of blood flow in a hepatic vein with a balloon catheter, the pressure of the static column of blood (the wedged hepatic venous pressure or WHVP) equilibrates
with the hepatic sinusoidal pressure. The HVPG is calculated by subtracting the free hepatic venous pressure (FHVP) from the WHVP. (b) illustrates cirrhotic physiol-
ogy in which fibrosis distorts the sinusoidal vascular architecture. As a result, the WHVP now equilibrates with the portal venous pressure (PVP), thereby allowing the
HVPG to be used as surrogate of direct portal vein pressure measurement.
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and tissue compartment pressures [50] are also relevant to management
of various other disease processes.

Principles of contrast imaging

Subharmonic imaging with UCAs is a technique for noninvasively
monitoring pressures and has been a topic of many investigations since
the late 1990s. Standard B-mode imaging typically involves the trans-
mission of MHz (2−10 for cardiac, abdominal and peripheral vascular
applications and as high as 20−30 for very superficial applications such
as dermatology) sound waves and detection of echoes generated by
reflection and scattering within tissues. This modality assumes that
ultrasound waves propagate through tissue and scatter in a linear fash-
ion, causing the generated echo signal frequency to be the same as the
transmitted frequency [22]. However, it was later discovered that ultra-
sound propagation in tissue is non-linear, and results in wave distortion
and production of additional detectable frequencies that are integer mul-
tiples (“harmonic frequencies”, n � f0) of the initial transmitted fre-
quency (“fundamental frequency”, f0) [51]. Conversely, when low
ultrasound acoustic pressures (< 200 kPa) are used, scattering of sound
by tissue is primarily a linear process, i.e. no harmonics are generated
[22]. This property of ultrasound waves was particularly advantageous
in conjunction with the use of UCAs. When UCAs are insonified at simi-
larly low acoustic pressures, they will oscillate nonlinearly and generate
a significant signal at both the fundamental and harmonic frequencies.
Figure 3a is a schematic generated in MATLAB (MathWorks, Natick,
MA) demonstrating an example frequency spectrum of the signal gener-
ated by insonified UCAs. For this simple demonstration, a pulse with
harmonic and subharmonic components at user specified levels is gener-
ated and its spectrum depicted in Figure 3 is calculated. The scattered
pressure having harmonics and subharmonic is described by

ps t� � � ∑
N

i
Aisin ωit � φ� �

� �
� Asbhrsin ωt� �

� �
� E t� �

where N is the number of harmonics, Ai are the harmonic amplitudes,
Asbhr is the subharmonic amplitude, φ is the phase, ω is the angular fre-
quency, and

E t� � � exp � ωt
Ncycπ

� �2m
" #

is an envelope function with Ncyc describing the number of cycles and m
the envelope exponent (or slope). As discussed above, because tissues
generate minimal harmonic signal at lower acoustic pressures, tuning
the ultrasound receiver to the harmonic frequencies will preferentially
display the contrast agent [22]. Figure 4 shows examples of the evalua-
tion of the left ventricle and hepatic liver masses with CEUS and stan-
dard B-mode imaging. Under certain conditions that vary with different
contrast microbubbles, which will be further described in the subse-
quent section, it is also possible to generate a subharmonic component
corresponding to half the transmitted frequency (f0=2�. The subharmonic
signal, which has been shown to be particularly sensitive to changes in
hydrostatic pressure in the surrounding medium, is also illustrated in
Figure 3 and can either increase or decrease in magnitude depending on
microbubble properties and ultrasound parameters. In the specific exam-
ple shown here the amplitude of the subharmonic component has
increased with hydrostatic pressure but it could also decrease depending
on the parameters and contrast agent used. The signal at higher har-
monic frequencies detected by conventional CEUS has little to no change
in magnitude with increasing hydrostatic pressure. As the subharmonic
signal is not produced from tissues, it is possible to generate a subhar-
monic contrast image whose magnitude is correlated with hydrostatic
pressure.

Subharmonic response from UCAs

Early works investigating subharmonic signals from free gas bubbles
and encapsulated microbubbles explored the threshold at which these
signals are generated at atmospheric pressure and the impact of acoustic
conditions such as ultrasound frequency and acoustic pressure. In 1969,
Eller and Flynn first described the threshold and frequency dependence
of subharmonic generation from free gas bubbles [52]. They found that
for subharmonic response an excitation frequency of 2x the resonance
was optimal but also that an acoustic pressure above 30 kPa was manda-
tory. Later, Shankar et al. [53] studied Optison (GE Healthcare, Chicago,
IL, USA), a UCA with an albumin shell, and found the threshold for sub-
harmonic signal generation to also be dependent on driving frequency.
This threshold was minimized when the driving frequency was twice the
average resonance frequency of the microbubble population, with sub-
harmonic signal generated at acoustic pressures as low as 10 kPa in
vitro. For off double resonance frequency excitation much high acoustic
pressure is mandatory for generating subharmonics. Therefore, there are
2 main mechanisms for subharmonic signal generation: (i) driving the
bubble around its resonant frequency which often requires high acoustic
pressures (> 200 kPa) to generate a subharmonic component, [54] or
(ii) driving the bubble at twice its resonance frequency, where subhar-
monic signal is detected at low acoustic pressures (< 200 kPa) but is
dependent on microbubble shell properties [54−56]. Shi et al [23] also
measured subharmonic signal generation with Optison near its reso-
nance frequency, and introduced the development of subharmonic sig-
nal generation as a function of acoustic pressure characterized by three
stages: “occurrence” where subharmonic signals are minimal, “growth”
where the magnitude of the subharmonic signal rapidly increases with
acoustic pressure, and “saturation” where subharmonic signal magni-
tude remains relatively constant despite increasing acoustic pressure.
The range of acoustic pressures used in this study (40−250 kPa) slightly
exceeds the level at which microbubble shell disruption (detectable sig-
nal deterioration in imaging) occurs, which has been estimated to be as
low as 200 kPa depending on the microbubble size and driving fre-
quency [54,56]. Transmitting at twice the resonance frequency also

Figure 3. Schematic showing an example of the frequency content of a non-lin-
ear 1 MHz pulse scattered from UCAs at atmospheric pressure (left) and at
increased pressure (right). The fundamental frequency is at 1 MHz with the sub-
harmonic frequency therefore at 0.5 MHz. With increasing hydrostatic pressure,
either a decrease or increase can be seen in the subharmonic signal. In this illus-
tration, the subharmonic signal amplitude increases with an elevation in hydro-
static pressure, while the amplitude of the harmonic frequencies used for
conventional CEUS change minimally. Panel A shows the frequency content of
an 8-cycle pulse while Panel B shows the frequency content of a 4-cycle pulse.
This demonstrates that a reduction in the number of cycles results in broadening
and overlap of the signal at the fundamental and subharmonic frequency.
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impacts subharmonic behavior as a function of acoustic pressure, as
recent in-vitro evaluations of SonoVue (phospholipid shell) observed a
different three stage behavior characterized as initial growth (< 300
kPa), saturation (300−400 kPa), and a second growth stage (> 400 kPa)
[57,58]. Stable cavitation has been historically associated with the pres-
ence of a subharmonic component, where bubbles oscillate around an
equilibrium size and can continue for many cycles of continuous acous-
tic pressure [59], but the reverse statement is not true, that is, a subhar-
monic component does not always mean stable cavitation. Although a
recent publication calls into question the use of frequency content as
indicators of cavitation behavior [60], so called stable and inertial cavi-
tation are widely used as a therapeutic tool today for opening of the
blood-brain barrier [61] and enhanced systemic drug delivery [62],
respectively.

The relationship between subharmonic signal and acoustic pressure
led several groups to further investigate the mechanisms behind subhar-
monic microbubble oscillation. For free/unencapsulated bubbles driven
at twice their resonance frequency, the acoustic pressure threshold for
subharmonic components is about 30 kPa [52]. Some encapsulated
microbubbles at low acoustic pressures (5−100 kPa) driven at twice the
resonant frequency exhibit compression-only behavior, which has been
confirmed with optical measurements using a high-speed camera [55]
and experiments monitoring scattered subharmonic signal [63]. The

rapid change in the effective surface tension of the bubble’s shell can
result in an asymmetric (compression-only) behavior [64] as it transi-
tions from elastic and buckled states, as described by Marmottant et al
[65]. The subharmonic behavior of phospholipid-shell microbubbles is
primarily driven by these rapid surface tension changes, assuming the
microbubble shell is saturated with phospholipids to allow for a large
change in shell elasticity to initiate subharmonic behavior. In general, as
acoustic pressure increases (> 200 kPa) with long bursts (≥ 8 cycles),
microbubble disruption and shell lipid shedding will occur, leaving a
free gas bubble and shifting the asymmetry of bubble oscillations to
favor expansion behavior [64,65]. These increased pressures also exceed
the destruction threshold of certain microbubbles that are resonant at
the transmit frequency, indicating that subharmonic signal in this pres-
sure regime is likely due to a combination of the destruction of resonant
microbubbles and certain microbubbles oscillating at twice the reso-
nance frequency [54,63]. The work by Chomas et al [54] shows that the
subharmonic generation at twice the resonance frequency is dominant
below the destruction threshold for microbubbles (for bubble radii > 2
μm, acoustic pressure ≤ 500 kPa), while subharmonic signal from bub-
bles driven at their resonant frequency are dominant above the destruc-
tion threshold (bubble radii ≤ 2 μm, acoustic pressures > 500 kPa).
Since UCAs are polydisperse with an average bubble size, transmit fre-
quency and acoustic pressure must be carefully selected for appropriate

Figure 4. Standard B-mode and CEUS images of the left ventricle and hepatic masses. (a) and (b) are examples of ultrasound images of the left ventricle with B-mode
and CEUS respectively. (c) represents a B-mode image of a hepatocellular carcinoma (HCC) while (d) shows its CEUS-image. As demonstrated in these images, the
CEUS greatly enhances the visualization of the anatomy of both normal and abnormal structures.
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subharmonic signal generation. In diagnostic ultrasound, microbubble
destruction begins at a mechanical index (MI) of about 0.1, and an MI of
0.3 and above can impair real-time imaging, requiring triggering techni-
ques [66−68].

The dependence of the subharmonic signal on frequency and acous-
tic pressure holds true at atmospheric pressure, but increasing the hydro-
static pressure introduces new effects on microbubble oscillation that
impact subharmonic response. Generally, as hydrostatic pressure
increases above atmospheric pressure, 3 major effects should take place:
(i) increased compressive force on microbubbles, (ii) increased dissolu-
tion rate of free bubbles, and (iii) a shift in resonant frequency [69−71].
Further, the shift in resonance frequency may have two contributions
depending on the condition of the microbubble shell: (i) for free gas bub-
bles (after shell disruption) there is little to no change due to the weak
dependence of the resonant frequency on hydrostatic pressure and initial
radius, or (ii) shelled microbubbles shifting to a buckled, tensionless
shell state with increased hydrostatic pressure. At low acoustic pressures
where we only expect compression behavior, only the dissolution rate
and resonance shift need be considered, while high acoustic pressures
must consider all 3 effects. For microbubbles insonified at low acoustic
pressures, an increase in hydrostatic pressure should exaggerate com-
pression behavior and increase the subharmonic signal [55,63,72], as
depicted in Figure 3.

In vitro investigations of subharmonic pressure estimation

The initial experiments evaluating the relationship between the sub-
harmonic signal amplitude of UCAs and the hydrostatic pressure of the
UCA fluid medium were performed by Shi et al [24]. For this study, Lev-
ovist (Schering AG, Berlin, Germany) was placed in a fluid-filled pres-
sure chamber and the subharmonic signal was measured at five different
hydrostatic pressure values between 0 and 186 mm Hg using an acoustic
pressure of 390 kPa. This acoustic pressure placed Levovist in the
“growth” stage and therefore made the subharmonic signal most sensi-
tive to changes in the surrounding environment. The subharmonic signal
was recorded at each hydrostatic pressure point with the pressure being
held static, and the UCA solution was replaced in between each mea-
surement. Over the hydrostatic pressure range of 0−186 mm Hg, it was
found that the subharmonic signal decreased by 9.6 dB and exhibited a
negative linear relationship (r = -0.98) with hydrostatic pressure. This
finding launched efforts to implement this technique to non-invasively
measure physiologic pressures at various anatomic sites.

Subsequent in vitro studies have modified parameters that could
affect the subharmonic signal, most notable of which were UCA type
and acoustic pressure. More recent studies have used current clinically
available UCAs such as Sonazoid (GE HealthCare, Oslo, Norway) [25,73
−79], SonoVue (Bracco, Milan, Italy) [57,58,70,74,79−87], Definity
(Lantheus Medical Imaging, North Billerica, MA, USA) [74,76,79,88],
Optison [69,76,79,89] and other experimental UCA formulations
[54,63,69,72,75,76,80,90]. In the USA, Optison (cardiac), Definity (car-
diac), SonoVue (cardiac and liver) are approved for clinical use [91].
Sonazoid has been approved for liver imaging in Japan, South Korea,
Taiwan, China, Denmark, and Norway [91−93]. All Sonazoid-based
studies have demonstrated a decrease in the subharmonic signal with
increasing hydrostatic pressure (similar to Optison and Definity). How-
ever, the sensitivity (dB/mm Hg), the detected change in the subhar-
monic signal in relation to hydrostatic pressure change, has been quite
variable. Table 1 describes the sensitivity values reported in each experi-
mental study and is sub-divided by UCA type. We note that a wide vari-
ety of experimental setups and conditions are used throughout these
studies, which may impact the reported sensitivities and limit direct
comparison of reported results. For Sonazoid in vitro investigations, one
group noted the sensitivity to be as low as -0.02 dB/mm Hg [79], while
another noted -0.22 dB/mm Hg [76], which is more than 10x more sen-
sitive. Furthermore, Sonazoid has been found to have distinct sensitivity
values over different hydrostatic pressure ranges: -0.07 dB/mm Hg over

the range of 0−200 mm Hg vs. -0.19 dB/mm Hg over the range of
0−50 mm Hg [74]. This finding suggests that the relationship between
the subharmonic signal of Sonazoid and hydrostatic pressure is actually
non-linear over a broad ambient pressure range (0−200 mm Hg). Several
studies also investigated modifying the acoustic pressure to identify the
optimal setting for maximal hydrostatic pressure sensitivity. Of note, the
optimal acoustic pressure was identified to be at relatively high values
(≥ 350 kPa) [25,76]. Dave et al. then developed an incident acoustic
output (IAO) algorithm to automatically select the optimal acoustic pres-
sure in real-time to facilitate translation to clinical use [94]. The actual
range of possible acoustic pressures implemented with this algorithm is
broad (0 to 3.34 MPa) and ensuing studies did not delineate a typical
acoustic pressure that is utilized [75,77]. More recently, Mayer et al.
described that the average acoustic pressure typically achieved through
this algorithm for Sonazoid in vitro was 173.33 and 140 kPa for static or
dynamic flow conditions respectively, which is significantly lower than
what was noted in initial studies [74]. With Definity, the subharmonic
signal also has been consistently noted to decrease with increasing
hydrostatic pressure, but varying sensitivity across studies and across
different pressure ranges is once again noted [74,76,79,88]. Originally,
maximal sensitivity was noted to be present at an acoustic pressure of
350 kPa [76], but more recent work suggests that the optimal pressure
sensitivity could be attained at acoustic pressures as low as 90 kPa [74].

Table 1
Maximal sensitivity of the subharmonic signal to change in hydrostatic pres-
sure as measured in different experimental studies

UCA type Study type Sensitivity (dB/mm
Hg)

Hydrostatic pressure
range (mm Hg)

Reference

SonoVue In vitro -0.24a 20−160 [70]
In vitro -0.11a 0−180 [87]
In vitro 0.07 0−90 [74]

-0.19 140−200
In vitro 0.16 0−75 [82]

-0.16 125−200
In vitro 0.16 10−40 [57]

-0.15a 10−40
In vitro -0.11a 8−180 [83]
In vitro 0.08a,b 0−188 [84]

-0.07a,c 0−188
In vitro -0.06a 0−188 [85]
In vitro -0.05 0−188 [58]
In vitro 0.07 0−60 [86]
In vitro -0.06 7−74 [79]
In vitro -0.12a 10−40 [81]
In vivo -0.38a 5−35 [81]

Sonazoid In vitro -0.09 0−120 [73]
In vitro -0.07 10−40 [77]
In vitro -0.19 0−50 [74]

-0.07 0−200
In vitro -0.08 0−78 [75]
In vitro -0.03 0−120 [78]
In vitro -0.08 0−186 [76]
In vitro -0.09 0−120 [25]
In vitro -0.03 7−74 [79]
In vivo -0.20 15−70 [27]
In vivo -0.50 20−125 [28]
In vivo -0.69 5−35 [33]
In vivo -0.62 5−35 [94]

Definity In vitro -0.19 0−50 [74]
-0.04 0−200

In vitro -0.05 15−74 [88]
In vitro -0.07 0−186 [76]
In vitro -0.10 7−74 [79]
In vivo -0.40 0−40 [29]

-0.09 0−150

The UCA type and hydrostatic pressure range for which the sensitivity calcula-
tion was performed are also listed as these two factors notably affect the mag-
nitude and directionality of the sensitivity.

a High acoustic pressure utilized (>200 kPa).
b 1.33 MHz driving frequency.
c 4 MHz driving frequency.
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Conversely, the subharmonic response of SonoVue has been more
challenging to characterize, as its relationship with hydrostatic pres-
sure has been found to vary even more significantly depending on the
hydrostatic pressure range and applied acoustic pressure. At lower
acoustic pressures (≤ 350 kPa), as hydrostatic pressure is increased,
the subharmonic amplitude notably linearly increases over the range
of 0 to ∼40-75 mm Hg, plateaus, and then linearly decreases over the
range of ∼100−200 mm Hg [57,58,70,74,82,83,86,87]. At higher
acoustic pressures (> 350 kPa), only a linear decrease is observed over
the range of 0−200 mm Hg [57,58,70,81,83,85,87]. With the excep-
tion of excitation frequency [90], this approximate trend appears to be
re-demonstrated across nearly all studies even with variations in other
transmit parameters. Similar results have also been observed with an
experimental perfluorobutane (C4F10) phospholipid shell microbubble
agent (Bracco Research S.A., Geneva, Switzerland) [63]. As described
earlier, it has been proposed that the linear increase in subharmonic
signal at low acoustic pressures over the lower hydrostatic pressure
range is mainly due to compression-only behavior of the microbubbles
[55,64], with the subsequent decrease at higher hydrostatic pressures sus-
pected to be due to bubble destruction [82]. Further, the uniform
decrease across the entire physiologic pressure range at higher acoustic
pressures is also hypothesized to be due to bubble destruction [83]
SonoVue’s unique response compared to other commercial UCAs could
be due to its distinctive lipid shell and SF6 gas core that result in compres-
sion-only behavior similar to the experimental perfluorobutane (C4F10)
phospholipid-shell microbubbles utilized by Frinking et al [63,74,82].

Since blood is rarely static intravascularly and is often subject to
cyclic pressure changes with a minimum pressure greater than 0 mm
Hg, experiments were performed to assess the impact of fluid flow and
hydrostatic pressure variation on the subharmonic signal. Through the
use of a flow phantom and flow pump, it was shown that subharmonic
amplitude was still detectable and sensitive to pressure changes even
under dynamic flow conditions [76] and periodic hydrostatic pressure
changes [25]. Later studies further characterized the effect of these fac-
tors. Zhang et al. observed that the subharmonic signal of Sonazoid
decreased on average by 0.22 dB per minute under constant hydrostatic
pressure (50 mm Hg) and flow (6 cm/s) and that signal amplitude was
affected by flow velocity (increased by 0.39 dB per 1 cm/s over the
range of 4 to 14 cm/s) [78], but a recent publication calls to question
some of these results [95]. Time from preparation of the microbubble
suspension also had an impact. Further, Azami et al. found that repeated
pressurization-depressurization cycles caused the subharmonic signal
generated by SonoVue to decay to the noise baseline, and that this effect
was particularly pronounced at higher hydrostatic pressures [58]. Two
other notable factors − hematocrit concentration and microbubble con-
centration − were found to have no significant impact on the subhar-
monic gradient [77].

Finally, Table 2 highlights the combination of excitation frequency
and number of cycles used for subharmonic imaging in each in vitro
study listed. In this table, we see that most experiments utilize a wide
range of excitation frequencies − below, at, and above the resonance fre-
quency of the corresponding microbubble formulation. It is also striking
that the subharmonic signal can be detected even with very low number
of cycles (2−4) used in some studies. While axial resolution for imaging
is gained by using a lower number of cycles, this conversely causes pulse
shortening, which can make individual frequency components difficult
to distinguish. The frequency spectra of the scattered sound will exhibit
broadening of the signal at the fundamental and subharmonic frequency
and eventually even overlap if the number of cycles is sufficiently low.
Therefore, even if the signal amplitude around a certain bandwidth of
the expected subharmonic frequency is used, this may actually be a
representation of the broadened higher amplitude fundamental signal.
Figure 3b illustrates this phenomenon using simulated non-linear pulses
produced with a smaller number of cycles than that used in Figure 3a.
We note that some studies have demonstrated that other frequency com-
ponents, including the various harmonic components, exhibit a change

in magnitude due to increased hydrostatic pressure [24,90]. Therefore,
it may still be possible to detect a change in signal magnitude with
hydrostatic pressure. When evaluating previous works that do not
include a frequency spectrum of the received signal it is not possible to
tell which frequency components are directly responding to a change in
ambient pressure.

In vivo investigation of subharmonic pressure estimation and
clinical applications

Similar to in vitro investigations, many in vivo investigations suc-
cessfully captured the property of the subharmonic component to corre-
late with hydrostatic pressure. Table 3 lists the specific ultrasound
parameters (frequency and number of cycles) of in vivo studies in similar
fashion to Table 2 which was for in vitro studies. We will discuss these
studies next in the sections that follow.

Table 2
Ultrasound transmit parameters utilized in the referenced in vitro experi-
mental studies. Studies that have the same transmit parameters are listed
together

UCA type Excitation frequency (MHz) Number of cycles Reference

SonoVue 1.33 64 [83,84,87]
1.7−7 5−16 [82]
3 32 [58]
2.5 4 [74]
3 32 [80]
4 64 [83,84,87]
4 16 [57,81]
4 32 [85]
4 8 [86]
5 12 [70]
5 N/A [79]

Sonazoid 2.5 2 [25,73]
2.5-4 2* [30]
2.5 4 [74,75]
2.5 4* [77]
1−6 N/A [78]
2.5−6.6 64 [76]
5 N/A [79]
2.5 4 [74]
2.5−6.6 64 [76]
2.5-4 2* [30]
5 N/A [79,88]

* Parameter not specified in all listed manuscripts but assumed to be
unchanged based on prior studies by the same research group using the
same clinical system.

Table 3
Ultrasound transmit parameters utilized in the referenced in vivo experi-
mental studies. Studies that have the same transmit parameters are listed
together

UCA type Excitation frequency (MHz) Number of cycles Reference

SonoVue 4 16 [81]
Sonazoid 2.5 2 [25]

2.5 2* [27,28,32]
2.5 4 [96,97]
2.5 2, 3, 4 [33]
2.5 4, 8, 16 [94]

Definity 2.5 2* [29]
3 2* [31]
8 N/A [106]

* Parameter not specified in all listed manuscripts but assumed to be
unchanged based on prior studies by the same research group using the
same clinical system.
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Cardiopulmonary pressures

Forsberg et al. were the first to perform in vivo experimentation by
measuring aortic pressures in 2 canines with the subharmonic signal
generated from Sonazoid [26]. Separate transmit (4 MHz transmit fre-
quency) and receive transducers (2 MHz receive frequency) at an acous-
tic pressure of 1.6 MPa were used. The subharmonic signal amplitude
decreased by 9 dB as the hydrostatic pressure increased from ∼20-
60 mm Hg. The variation in the subharmonic signal was fitted to the
catheter-based aortic pressure measurements. After this initial fitting,
aortic pressures estimated with the subharmonic signal were then com-
pared to catheter-based aortic pressure measurements and found to
have a root mean square error <27% based on a sample of 2. Although
this was a promising result, due to the absence of an imaging mode with
the experimental setup, it required a midline abdominal incision to
expose the aorta directly to the transducers.

In 2011, subharmonic imaging modes began to be implemented as
research options in clinical ultrasound scanners. Table 4 presents the
clinical systems currently known to have (or had) subharmonic imaging
capability. Unfortunately, even today most of these are only research
options and only the GE LOGIQ E10 has a released subharmonic mode
on the C1-6 curvilinear array. As a result, ensuing research in canines
required only a single transducer with both transmit and receive capabil-
ities, allowed for visualization of the structures of interest, and did not
require invasive placement of the probe [25,27,28,94]. A Sonix RP scan-
ner (BK Medical, Burlington, MA, USA) with PA4-2 phased array probe
(2.5 MHz transmit frequency, 1.25 MHz receive frequency, 2 cycles,
3.3 kHz PRF, pulse inversion) was used with Sonazoid to estimate car-
diac pressures. We note that the PA4-2 probe has very reduced fre-
quency response at 1.25 MHz and the use of 2 cycles does not allow the
separation of the subharmonic and the fundamental. Despite this, the
subharmonic signal was found to track pressure changes in both the
left [25,27] and right ventricle [28] with low error (< 3.5 mm Hg). How-
ever, a conversion factor (mm Hg/dB, inverse of the sensitivity) again
had to be determined by performing a regression between the subhar-
monic amplitude and catheter-based aortic pressure measurements.
Notably, the conversion factor differed between each canine, so this step
was required in each individual canine before the subharmonic signal
could be used to independently determine ventricular pressures with
accuracy. The acoustic pressures utilized in these studies were adjusted
for each individual canine to elicit optimal pressure sensitivity and
ranged from 76 to 897 kPa, which is a very broad range that surpasses
the destruction threshold of the commonly utilized UCAs.

Clinical testing in subjects referred for cardiac catheterization was
first described in 2017 [29]. The SonixTablet clinical system (BK Medi-
cal, Burlington, MA, USA) was instead used, but with the same PA4-2

phased array probe and the transmit and receive frequencies listed
above. Three acoustic pressure output settings up to 897 kPa were
selected. Cardiac ultrasound examination was performed simultaneously
with left and right heart catheterization and a continuous infusion of
Definity was administered to facilitate subharmonic imaging. Linear
regression between the subharmonic amplitude and initial pressure
catheter measurements in the aorta was still required to convert subse-
quent subharmonic data from the cardiac chambers to actual hydrostatic
pressure values. Due to technical limitations (unoptimized acoustic pres-
sure), the correlation between the subharmonic signal and catheter data
was highly variable (r = -0.3 to -0.9 for LV, r = -0.3 to -0.6 for RV).

After implementation of an interface that quickly trialed 16 different
acoustic outputs (up to 897 kPa) through the previously described IAO
algorithm, subsequent studies showed improved correlation (r = -0.77
to -0.84) between the subharmonic data and pressure catheter measure-
ments [30−32]. A SphygmoCor XCEL PWA device (ATCOR Medical,
Chicago, IL, USA) was also used to noninvasively calibrate the subhar-
monic signal amplitude and aortic pressures. However, because aortic
pressures measured by the SphygmoCor device were often very different
than catheter-based aortic pressure measurements, patients again
required invasive catheter measurements to calibrate subharmonic
measurements before subharmonic data could be used independently to
estimate cardiopulmonary pressures. After calibration, both Definity
[31] and Sonazoid [32] were found to have low error (< 5 mm Hg for
Definity, < 10 mm Hg for Sonazoid) when compared to catheter-based
measurements.

Portal pressures

An induced portal hypertension model in canines was used to ini-
tially evaluate the accuracy of subharmonic pressure estimation with
Sonazoid in determining portal vein pressures [33]. Here, a Logiq E9
scanner (GE HealthCare, Chicago, IL, USA) with a 4C curved array
(2.5 MHz transmit frequency, 1.25 MHz receive frequency, 2−4 cycles,
pulse inversion) was employed. Three acoustic pressures were selected
(140, 230, and 360 kPa). The subharmonic signal amplitude was com-
pared to portal vein pressure measured through invasive catheterization
before and after induction of portal hypertension. The change in portal
pressure after induction of portal hypertension was found to have a mod-
erate negative correlation with the change in the subharmonic ampli-
tude (-0.79 < r < -0.70). Analogous to the previously described cardiac
studies, a fitting process between subharmonic and invasive catheter
data was then performed to allow for prediction of portal vein pressures.

Eisenbrey et al. then performed a clinical trial in patients planned for
transjugular liver biopsy and HVPG measurements [96]. Following the
procedure, the portal and hepatic veins were scanned with subharmonic

Table 4
Clinical systems utilized for subharmonic imaging

Clinical system Probe Frequency (MHz) Number of cycles Pulse type Reference

Sonix RP Phased Array PA4-2 2.5 2 PI [25,27,28,73]
SonixTablet Phased Array PA4-2 2.5 2a PIa [29−32]
Logiq 9 Curved Array 4C 2.5 2-16 PIa [33,77,94,96,97]
Logiq E10b,c Curved Array C1-6 2.5 4 AM [74]

Curved Array C2-9 5 N/A N/A [79,88]
Curved Array C1-6 N/A N/A N/A [78]

Mindray Resonad N/A N/A N/A N/A

Associated transmit parameters are also provided. The Sonix and Logiq systems are manufactured by BK Medi-
cal (Burlington, MA, USA) and GE HealthCare (Chicago, IL, USA) respectively. The Resona family of scanners
(Mindray, Shenzen, China) also have a subharmonic imaging mode [74].

a Parameter not specified in all listed manuscripts but assumed to be unchanged based on prior studies by the
same research group using the same clinical system.
b Other probes used in various studies as research options: RAB6, 9L, RSP6-16, IC5-9, RIC5-9.
c The Logiq E10 is also referred to as the E20 is certain regions of the world.
d The Mindray offers subharmonic imaging but we could not find any reference or other information on the

parameters used.
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ultrasound (Logiq E9 scanner with a 4C curved array, 2.5 MHz transmit
frequency, 1.25 MHz receive frequency, 4 cycles) using an infusion of
Sonazoid. The IAO algorithm was utilized to select acoustic pressure,
though the typical acoustic pressures chosen were not described. The
difference in subharmonic signal between the portal and hepatic veins
was then compared to the obtained HVPG values. It was found that
patients with elevated HVPG (> 12 mm Hg) had a higher subharmonic
signal difference and that using a specific cutoff value in the difference
predicted HVPG > 12 mm Hg with sensitivity of 100% and specificity of
81%. This study protocol was later repeated in a larger cohort of patients
(137 in this one versus 45 in the earlier one) and similar results were
achieved, though the actual correlation between the subharmonic gradi-
ent and the HVPG was more modest (r = 0.68) [97]. Several recently
published clinical studies have also found good correlation between sub-
harmonic magnitude and hydrostatic pressure for detecting portal
hypertension [98−103].

Other applications

Subharmonic imaging may also be useful in clinical contexts beyond
intravascular cardiac and hepatic pressure measurement. While a
detailed discussion is beyond the scope of this review, these topics are
also of significance. Though less extensive, studies have been conducted
to evaluate its ability to assess intracranial [104], bladder [88], tumor
interstitial pressure [105−108], and compartment pressures [109] as
well. Apart from pressure sensing applications, subharmonic imaging
has demonstrated some preliminary success in enhancing the characteri-
zation of tumors and masses across multiple anatomical sites, such as
the breast [110−112], pancreas [113], prostate [114], and adnexa
[115]. Monitoring of tumor treatment response to chemotherapy [108],
vasa vasorum imaging [116], and carotid artery and plaque assessment
[117,118] have also been explored.

Limitations and future directions

The use of the subharmonic signal for non-invasive pressure estima-
tion certainly shows promise and demonstrates persistent interest based
on the described in vitro and clinical studies. However, there are several
issues that need to be addressed before effective clinical translation. As
outlined in this review, there is a very wide range of values noted for the
subharmonic signal sensitivity, so clarity on why this degree of variabil-
ity exists is needed. All clinically approved UCAs (SonoVue, Sonazoid,
Definity, and Optison) show differing sensitivity to hydrostatic pressure
behavior depending on the range of hydrostatic pressures examined and
the acoustic pressures utilized. Although this heterogeneity could be in
part be due to differing transmit parameters and experimental design,
we believe that a closer examination of whether UCA selection and prep-
aration/delivery methods, specific signal processing, and bubble
destruction may be contributing is warranted. A number of studies have
used acoustic pressure values that are above the bubble destruction
threshold while other experiments have used very few (2−4) cycles for
subharmonic imaging, which can make it difficult to separate the sub-
harmonic signal from the fundamental signal. The widely used method
of identifying the acoustic pressure that induces the largest change in
the subharmonic signal (the “growth” stage) could also result in a range
of high acoustic pressures that exceed the acoustic pressure threshold
for microbubble shell disruption (> 200 kPa). Further, all pre-clinical
and clinical research efforts have adopted the use of continuous micro-
bubble infusion rather than a bolus strategy. We note that the use of a
continuous infusion of microbubble UCAs adds a degree of complexity
in a clinical environment. Albeit continuous infusion enables longer
data acquisition, bubble concentration may fluctuate depending on the
patient’s cardiac output, and high microbubble concentration can result
in acoustic shadowing. To help broaden clinical utility of the microbub-
ble response to hydrostatic pressure changes, subharmonic imaging
techniques compatible with bolus injections should be investigated.

Many studies have also evaluated the efficacy of this technique over the
0−200 mm Hg pressure range. A greater emphasis should be placed on
optimizing the estimation of pressures < 100 mm Hg, and particularly <
50 mm Hg, ranges with more physiologic importance. The normal
ranges of right-sided cardiopulmonary pressures shown in Figure 1 do
not exceed 30 mm Hg [37]. Even in patients with pulmonary hyperten-
sion, right-sided pressures generally are below ∼100 mm Hg as dis-
cussed previously [39,40]. Diagnosis of pulmonary hypertension and
portal hypertension utilize a pressure cutoff of mPAP > 20 mm Hg and
HVPG > 5 mm Hg respectively as well [14,38]. Therefore, accuracy in
this pressure range could allow for improved non-invasive diagnostic
capabilities.

Another key challenge with clinical implementation is the need to
initially calibrate the subharmonic signal amplitude with known hydro-
static pressure values at or near the site of interest before absolute pres-
sure can be calculated. This needs to be done in each patient and every
time the patient is scanned as the individual characteristics of each
patient impacts the conversion between subharmonic signal to hydro-
static pressure. For example, to perform cardiac pressure measurement,
the aortic systolic and diastolic pressures were utilized to calculate the
conversion factor (mm Hg/dB) in current studies [31,32]. However, aor-
tic pressures cannot yet be attained reliably with a non-invasive
approach and still require initial catheterization. Ultimately, this
impacts the main potential advantage of this technique, which is non-
invasive pressure estimation. Further refinement of non-invasive meas-
urements acquired by the SphygmoCor XCEL device could certainly
address this issue. While not yet attempted in vivo, an alternative solu-
tion offered by Spiekhout et al. is the use of low frequency (∼50 kHz)
signal that modulates hydrostatic pressure to a pre-determined extent.
The degree of change in subharmonic signal with this pressure modula-
tion can then be used for calibration, thereby allowing subsequently
detected shifts in the signal amplitude to estimate hydrostatic pressure
changes [86]. Even when only the magnitude of pressure change can be
determined rather than the absolute pressure values, identifying pres-
sure differentials between adjacent locations alone could be valuable.
The difference in subharmonic signal between two adjacent sites could
instead be used as a surrogate to prognosticate certain clinical states,
which is what is already being proposed for the prediction of elevated
portal venous pressures [96,97]. For intra-cardiac pressures, as pulmo-
nary hypertension worsens, the difference in pressure between the left
and right ventricles decreases while the pressure difference between the
right ventricle and right atrium increases. It is plausible that the subhar-
monic signal difference or ratio between two of these sites would also
change and could then suggest development of the disease. As this
method does not rely on the presence of tricuspid regurgitation, it could
be of particular use in those patients to supplement current echocardio-
graphic techniques. Recent advances in the production of microbubbles
may also offer custom-tailored bubble formulations specifically for non-
invasive pressure estimation with subharmonic imaging. Efforts into
developing monodisperse microbubbles are currently ongoing, offering
a smaller size distribution to maximize subharmonic signal, and shell
properties compatible with being driven at twice the resonance fre-
quency [75,119]. Overall, we remain optimistic that continued investi-
gation will identify potential solutions and eventually allow for effective
and widespread clinical use.
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