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Investigation on the relationship between overpressure and
sub-harmonic response from encapsulated microbubbles∗
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Sub-harmonic component generated from microbubbles is proven to be potentially used in noninvasive blood pressure
measurement. Both theoretical and experimental studies are performed in the present work to investigate the dependence
of the sub-harmonic generation on the overpressure with different excitation pressure amplitudes and pulse lengths. With
4-MHz ultrasound excitation at an applied acoustic pressure amplitude of 0.24 MPa, the measured sub-harmonic amplitude
exhibits a decreasing change as overpressure increases; while non-monotonic change is observed for the applied acoustic
pressures of 0.36 MPa and 0.48 MPa, and the peak position in the curve of the sub-harmonic response versus the overpres-
sure shifts toward higher overpressure as the excitation pressure amplitude increases. Furthermore, the exciting pulse with
long duration could lead to a better sensitivity of the sub-harmonic response to overpressure. The measured results are ex-
plained by the numerical simulations based on the Marmottant model. The numerical simulations qualitatively accord with
the measured results. This work might provide a preliminary proof for the optimization of the noninvasive blood pressure
measurement through using sub-harmonic generation from microbubbles.
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1. Introduction
Pulmonary hypertension (PH) refers to high blood pres-

sure in the vessel that carries blood from the heart to the
lungs.[1] Since the symptoms of PH are not specific, accurate
diagnosis of PH is still a great obstacle facing the researchers
and clinicians, although many tests might give clues to the
possibility of PH. For instance, the right heart catheterization
(RHC) is currently considered as the best diagnostic modality
of PH.[1] However, this technique is invasive and subject to
the high risk of patients’ infection. Therefore, exploration of
more safe and accurate diagnostic methods is always in high
demand for improving PH treatment.

Ultrasound contrast agent (UCA) is usually comprised of
suspensions of gas-filled microbubbles with micrometer diam-
eters encapsulated by a thin stabilization coating (e.g., lipid,
albumin, or polymer).[2,3] UCAs were initially used in ultra-
sound medical applications to enhance acoustic contrast be-
tween blood and surrounding tissues and thereby to improve
the quality of ultrasonic images. Besides enhancing the reflec-
tion of ultrasound, the UCA microbubbles also exhibit nonlin-
ear vibrations under insonation, which will produce harmonic,
sub-harmonic, and ultra-harmonic responses.[4,5] In the past
several decades, various methods have been proposed for non-

invasive blood pressure measurements using UCA microbub-
bles. Fairbank and Scully developed a modality for cardiac
pressure measurements by using the resonant frequency of
UCAs.[6] Bouakaz et al. proposed an approach to blood pres-
sure measurement based on the measurement of the disappear-
ance time of free bubbles.[7] Recently, sub-harmonic response
has been proposed as a possible modality for local blood pres-
sure measurement, owing to approximately linear reduction
in sub-harmonic response as overpressure increases.[8] Shi et
al.[9] and Leodore et al.[10] experimentally found that the sub-
harmonic response from UCA microbubbles is robustly de-
pendent on the overpressure. However, the sub-harmonic re-
sponses of UCAs might exhibit different tendencies as the
overpressure increases at different excitation levels. Frinking
et al. revealed that the sub-harmonic response might increase
by 28.9 dB for 180-mm Hg increase of overpressure at a low
excitation level of 50 kPa; while the sub-harmonic response
exhibited a 9.6-dB decrease at a higher excitation pressure
of 400 kPa.[11] Andersen and Jensen theoretically proved that
the variation of sub-harmonic component should be related to
the exciting parameters, such as the pulse shape, length, and
amplitude.[12] Katiyar et al. revealed that the change in the
sub-harmonic response might be dominated by the ratio of the
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excitation frequency to the natural frequency of the bubble.[13]

In the present study, the relationship between overpres-
sure and sub-harmonic generation under different ultrasonic
excitation conditions (viz. amplitude and pulse length) is fur-
ther experimentally examined. Moreover, numerical simula-
tions based on the Marmottant model[14] are performed to ex-
plain the measured results. This work is helpful for optimizing
the noninvasive blood pressure measurement by making use
of the sub-harmonic response generated from UCA microbub-
bles.

2. Theory and method
Microbubble dynamics in an incompressible liquid has

been studied widely using various types of modified Rayleigh–
Plesset (RP) equations.[14] In the present study, the Marmot-
tant model is used for describing the dynamic behavior of mi-
crobubbles encapsulated with thin lipid shell.[14] The dynamic
equation of the model is written as
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ρṘ2

=

[
P0 +Pov +

2σ(R0)

R0

](
R0

R

)3κ (
1− 3κ

c
Ṙ
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where R is the instantaneous radius of the microbubble; Ṙ and
R̈ are the first and second time derivatives of R; R0 is the equi-
librium radius; ρ is the density of the surrounding medium; κ

is the polytropic exponent; µ is the surrounding liquid viscos-
ity; κs is the surface dilatational viscosity; P0 is the hydrostatic
pressure; Pov is the overpressure (to evaluate the variation of
ambient pressure); Pac(t) is the exciting acoustic pressure; c is
the sound velocity. The Marmottant model underlines the ef-
fective surface tension of a microbubble during its oscillation,
and the movement of the bubble is defined as three succes-
sive stages as the surface tension rises. The effective surface
tension σ(R) is expressed as[14]

σ (R) =
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χ

(
R2

R2
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−1
)
, if Rbuckling ≤ R ≤ Rbreak−up,

σwater, if ruptured and R ≥ Rruptured.

(2)

In this model, three parameters describe the properties of the
shell: a buckling radius, the compressibility of the shell, and
a break-up shell tension. In the buckling state where the bub-
ble radius is below the buckling radius Rbuckling, the surface
tension is assumed to nearly vanish, i.e., σ = 0. The shell
is elastic only in a narrow region where the lower limit ra-
dius is Rbuckling, while the upper limit radius is fixed by the
maximum surface tension, which is σwater after rupture, giving
Rruptured = Rbuckling(1+σwater/χ)1/2 . The value of the elastic

modulus can hold true for the presence of any solid-like shell
material that sustains tensile stress. A constant elastic modu-
lus χ is assigned in this state. Within this region the surface
tension is a linear function of the square of the radius. Fi-
nally, after break-up, the surface tension is assumed to relax to
σwater.

The scattered acoustic response is calculated from the
radial response at a distance of d from the microbubble as
follows:[15]

Ps(d, t) = ρ
R
d
(2Ṙ2 +RR̈). (3)

Considering the fact that UCA microbubbles have a wide
size distribution, a weighting scheme[15,16] is utilized to deter-
mine the cumulative echoes on the basis of the size distribution
of microbubbles. S( f ) represents the total scattered pressure
from microbubbles with sizes ranging from Ri to R j at a fre-
quency f , and it is expressed as

S( f ) =
j

∑
k=i

PSC(Rk, f )wk%, (4)

where PSC(Rk, f ) is the scattered pressure from microbubbles
with size Rk at frequency f , and wk is the number percentage
weight of bubbles with size Rk.

On the other hand, note that the linear resonance fre-
quency f0 of a microbubble is

f0 =
1

2πR0

√
1
ρ

[
3κPamp +

2σ(R0)

R0
(3κ −1)

]
, (5)

where Pamp =P0+Pov. It is noted that the resonance frequency
depends both on ambient pressure and on radius. For simplic-
ity, in the calculation of the resonance frequency of the mi-
crobubble clouds, the average radius is used.

In the simulation, some physical constants are set as listed
in Table 1.[17]

Table 1. Parameters of microbubbles.

Symbol Description Value
κs shell surface dilatational viscosity 1.66×10−7 kg/s
χ shell elastic compression modulus 1.05 N/m
σ0 surface tension in the equilibrium 0.25 N/m
σbreak−up critical tension where shell breaks 0.13 N/m
ds shell thickness of bubble (m) 0.1%×R0

σwater water surface tension 0.072 N/m
p0 hydrostatic pressure 1.01×105 N/m2

κ polytropic exponent of the gas 1.4
ρ density of surrounding liquid 998 Kg/m3

c sound speed in liquid 1500 m/s
µ viscous in liquid 1.0×10−3 N · s/m2

R0 equilibrium radius 2.0 µm
Rbuckling shell buckling radius 1.8 µm
κ polytropic exponent 1.07
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3. Experimental setup
The encapsulated microbubbles were prepared accord-

ing to the following steps: (i) distearoyl phosphatidylcholine
(DSPC), dipalmitoylphosphoglycerol (DPPG), and polyethy-
lene glycol (PEG) were mixed and dissolved in the degassed
water; (ii) the solution was then put into a 1-ml penicillin vial
and then frozen and desiccated at −20 ◦C; (iii) a solution con-
taining glycerin and propylene glycol was added into the vial
and saturated with C3F8 gas; (iv) after 45-second mechani-
cal shaking, the bubble solution was ready and then diluted
to a concentration of around 2.0×106 microbubbles/ml for ex-
perimental use. The average radius of the encapsulated mi-
crobubbles is around 2 µm (corresponding to the peak in the
microbubble distribution). Based on Eq. (5), the resonance fre-
quency is about 2.4 MHz. The size distribution of microbub-
bles was measured by a Coulter Counter (Coulter Corporation,
Hialeah, FL) as shown in Fig. 1. The elasticity of the shell was
determined by the optimization method based on the sound at-
tenuation spectrum.[18,19] The determined parameters for mi-
crobubbles are listed in Table 1.
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Fig. 1. Size distribution of microbubbles.

Figure 2 shows the diagram of the experimental setup
for measuring the sub-harmonics responses scattered from
UCA microbubbles. An arbitrary waveform generator (Agi-
lent 33250, CA, USA) was used to produce 4-MHz tone-burst
signals with different pulse lengths (16, 32 or 64 cycles) at
a pulse repetitive frequency (PRF) of 100 Hz. After being
amplified by an RF power amplifier (A150, ENI, Rochester,
NY, USA), the signals were used to drive a plane transducer
(V382-SU, Panametrics, MA, central frequency = 4.0 MHz,
diameter = 1 cm). The scattered wave was received by another
plane transducer (V382-SU, Panametrics, MA, central fre-
quency = 2.25 MHz, diameter = 1 cm). After passing through a
pre-amplifier (fixed gain of 30 dB, HPA30, NTR Systems, Inc.
Seattle, WA, USA), the received signal was captured by a dig-
ital oscilloscope (Agilent 54810, Santa Clara, CA, USA). The
transmitter and receiver were orthogonally located in order to
reduce the influence of the insonating signal on the detection

of the sub-harmonic signals. A plastic transparent pipe with
6.0-mm outer diameter and 5.0-mm inner diameter was used
to hold the microbubble suspension. One end of the pipe was
airtight, and the other end was connected with a syringe con-
taining 50-ml air. The overpressure was controlled by chang-
ing the air volume in the syringe. A linear 3-axial scanning
system (ESP7000, Newport, USA) controlled by a PC via a
Labview software (NI Corp., TX) was used for aligning the
transmitter and receiver. The in situ acoustic pressure of the
transmitting transducer was calibrated by using a needle hy-
drophone (TNU001A, NTR Systems, Inc. Seattle, WA) with
a 30-dB preamplifier (HPA30, NTR Systems, Inc. Seattle,
WA, USA). All measurements were performed at room tem-
perature (approximately 23 ◦C). Five replicated measurements
were performed at each setting for the sub-harmonic emis-
sions with refreshed microbubble suspensions. For each mea-
surement, the responses of microbubbles were averaged over
100 traces and then analyzed by using a fast-Fourier-transform
(FFT) program.
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digital oscilloscope
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microbubble
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Fig. 2. Experiment setup for measuring sub-harmonic response from
microbubbles.

4. Results and discussion
It has been reported that the generation of sub-harmonics

occurs when the exciting acoustic pressure exceeds a certain
threshold, and the threshold pressure reaches a minimum level
at f = 2 f0.[18] Figure 3 shows the measured attenuation spec-
trum for the microbubbles. It is seen that the resonant fre-
quency of the microbubbles is around 2.4 MHz. Considering
the available transducers in our laboratory, the exciting fre-
quency of 4 MHz is chosen in both the simulations and the
measurements. Figure 4(a) shows the spectrum of the signal
scattered from microbubbles excited by 4-MHz ultrasound at
an acoustic pressure of 0.36 MPa and pulse length of 64 cy-
cles, where the curve is normalized to the sub-harmonic am-
plitude. Significant discrete sub-harmonic component is ob-
served, which indicates that this frequency can be utilized to
generate sufficient sub-harmonic signal. Figure 4(b) shows
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the amplitude of sub-harmonic component versus driven pres-
sure in a range from 0.05 MPa to 0.75 MPa with an overpres-
sure of 14 kPa. It is shown that the pressure threshold for
the generation of sub-harmonic response is about 0.12 MPa.
When the exciting acoustic pressure increases from 0.15 MPa
to 0.5 MPa, the amplitude of the sub-harmonic component
is enhanced by 28 dB. The sub-harmonic amplitude reaches
saturation as the exciting acoustic pressure exceeds 0.5 MPa.
The result indicates that the sub-harmonic responses generated
from microbubbles can be divided into three stages, i.e. gen-
eration, rapid rise, and saturation, which coincides well with
the reported results.[18,19] In the following experiments, mi-
crobubbles will be driven by ultrasound pulses at pressures of
0.24, 0.36, and 0.48 MPa, respectively.
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Fig. 3. Attenuation spectrum of the microbubbles.
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Fig. 4. (a) Spectrum of the scattered signal from microbubbles, and (b)
sub-harmonic versus exciting acoustic pressure.

Figure 5 shows the dependences of sub-harmonic re-
sponse on overpressure at different exciting acoustic pres-
sure amplitudes (Fig. 5(a)) and pulse lengths (Fig. 5(b)). In
Fig. 5(a), the pulse length is fixed to be 64 cycles, and the ex-
citation pressure is kept at 0.36 MPa in Fig. 5(b). As shown
in Fig. 5(a), the sub-harmonic amplitude shows a decreas-
ing change of the sub-harmonic amplitude as the overpres-
sure increases for the applied acoustic pressure amplitude of
0.24 MPa. However, non-monotonic changes are observed
for the applied acoustic pressures of 0.36 MPa and 0.48 MPa.
There is an increasing tendency as the overpressure increases
at the initial stage; after reaching a peak, the sub-harmonic am-
plitude begins to decrease with the increasing of overpressure.
In addition, the position of maximum sub-harmonic amplitude
shifts toward higher overpressure for higher excitation acous-
tic pressure. The maximum sub-harmonic amplitudes occur
at overpressures of 8.8 kPa and 13.8 kPa corresponding to the
exciting acoustic pressures of 0.36 MPa and 0.48 MPa respec-
tively. Previous studies have indicated that the sub-harmonic
amplitude increases or decreases monotonically with the in-
creasing of overpressure.[10–12] The non-monotonic variation
of sub-harmonic in the present study is related to the change
of the resonance frequency of UCA microbubbles, which will
be discussed later.
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Fig. 5. Dependences of sub-harmonic amplitude on overpressure for
different (a) exciting acoustic pressures and (b) pulse lengths.
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When the exciting acoustic pressure amplitude is kept
at 0.36 MPa, the dependences of the sub-harmonic response
on the overpressure for different pulse lengths are shown in
Fig. 5(b). It is observed that the sub-harmonic amplitude in-
creases as the pulse length increases from 32 cycles to 64 cy-
cles. However, for the pulse length of 16 cycles, the sub-
harmonic amplitude almost keeps constant when the overpres-
sure changes from 0 to 25 kPa. It indicates that for the ultra-
sound exposure with a pulse length of 16 cycles, the sensitiv-
ity of the sub-harmonic component to the variation of ambient
pressure is too low, owing to the reduction of the ultrasonic
energy.

Figure 6(a) shows the curve of calculated amplitude of
sub-harmonics versus applied acoustic pressure with overpres-
sure of 14 kPa. With exciting acoustic pressure increasing
from 0.1 MPa to 0.42 MPa, the sub-harmonic amplitude in-
creases by 47 dB. The sub-harmonic amplitude reaches satu-
ration when the driving pressure exceeds 0.36 MPa. Compared
with the measured results (Fig. 4(b)), the change tendency is
almost the same, but the excitation pressure at which the sub-
harmonics is saturated is much lower than the measured one.
The possible reason is that the microbubble model used in the
simulation takes no account of the microbubble destruction.

The amplitudes of sub-harmonics are calculated each as a
function of exciting frequency at zero overpressure and three
exciting pressure levels (viz. 0.24, 0.36, and 0.48 MPa). The
calculated results are demonstrated in Fig. 6(b), where the
exciting frequency is normalized by the resonance frequency
(calculated from the averaged radius). It is obvious that sim-
ilar variation tendencies can be observed at different exciting
pressure levels. For example, when the exciting acoustic pres-
sure amplitude is 0.36 MPa, the sub-harmonic response ini-
tially increases as f/ f0 ≤ 1.64. Then, the sub-harmonic ampli-
tude reaches a peak value at f/ f0 = 1.64. Non-smooth varia-
tion is observed for the sub-harmonic amplitudes when 1.64 ≤
f/ f0 ≤ 1.82, while the sub-harmonic amplitude decreases
monotonically for f/ f0 > 1.82. As indicated by Eq. (5), if the
overpressure increases, the microbubble resonance frequency
increases, leading to the reduction of f/ f0. Consequently,
if the exciting frequency satisfies the inequality f/ f0 ≤ 1.64,
the sub-harmonic amplitude will decrease with the increasing
of the overpressure; inversely, if the exciting frequency satis-
fies the inequality f/ f0 ≥ 1.82, the sub-harmonic amplitude
will increase with the increasing of overpressure. While for
1.64 ≤ f/ f0 ≤ 1.82, the curve of the sub-harmonic amplitude
versus overpressure is non-monotonic. These results may pro-
vide a likely explanation for the measured change of the sub-
harmonic response with overpressure. In addition, one can
find in Fig. 6(b) that the peak positions of the sub-harmonic
amplitudes shift toward the lower values of f/ f0 as the ex-
citing pressure increases. The simulated results are also in

agreement with the measured curves in Fig. 5(a), where the
peaks of the sub-harmonic amplitudes occur at 8.8 kPa and
13.8 kPa corresponding to the exciting acoustic pressures of
0.36 MPa and 0.48 MPa. It should be noted that the resonance
frequency can be affected by the microbubble size distribution
and the overpressure change. For simplicity, in the calcula-
tions of Fig. 6(b), these effects are not considered and only the
average microbubble radius is used in the calculation.
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Fig. 6. Calculated sub-harmonic responses as a function of (a) exciting
pressure amplitude, and (b) exciting frequency.

Figure 7 shows the curves of calculated sub-harmonic re-
sponse versus overpressure when the microbubble is driven by
4-MHz ultrasonic pulses with different pressure amplitudes
and pulse lengths. In Fig. 7(a), the exciting pulse length is
fixed at 64 cycles. For an excitation pressure amplitude of
0.24 MPa, the sub-harmonic amplitude decreases with the in-
creasing of overpressure. However, for an exciting pressure
amplitude of 0.48 MPa, the change of sub-harmonic ampli-
tude becomes non-monotonic. In this study, the driving fre-
quency is 4 MHz, the corresponding f/ f0 is 1.69. As indicated
by the curve at 0.24 MPa in Fig. 6(b), the sub-harmonic am-
plitude decreases with the increasing of the overpressure for
f/ f0 < 1.74. Compared with the measured results shown in
Fig. 5(a), the sub-harmonic amplitude shows decreasing ten-
dency only for 0.24 MPa, which is in agreement with the sim-
ulated results.
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Figure 7(b) shows the influence of the pulse length on the
sub-harmonic response when the microbubble is driven at an
acoustic pressure of 0.36 MPa. With the increasing of pulse
length, the sub-harmonic response becomes more sensitive to
the overpressure. For an excitation pulse of 16 cycles, the sub-
harmonic amplitude decreases by 12 dB when the overpres-
sure changes from 0 kPa to 25 kPa. By contrast, for a pulse
of 64 cycles, the sub-harmonic amplitude decreases by about
28 dB. It indicates that the pulse with longer pulse length will
lead to a better sensitivity for the overpressure measurement.
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Fig. 7. Calculated dependences of sub-harmonic amplitude on the over-
pressure for different (a) exciting acoustic pressure amplitudes, and (b)
pulse lengths.

Previous studies have indicated that the non-invasive
blood pressure measurement could be made based on either
the increasing or the decreasing of the sub-harmonic genera-
tion from UCA microbubbles.[11,12] In the present work, it is
noticed that the relationship between the sub-harmonic gen-
eration and the overpressure shows either decreasing or non-
monotonic change. The relation mainly depends on the ratio
of the exciting frequency to the resonant frequency, i.e., f/ f0,
the exciting acoustic pressure amplitude, and the microbub-
ble parameters. For the UCA microbubbles used in this study,
the monotonic change can be derived at 4-MHz ultrasound
excitation with an acoustic pressure of 0.24 MPa. When in-

creasing the acoustic pressure, the relation will become non-
monotonic. The results confirm the theoretical results obtained
by Katiyar.[13] If choosing the exciting frequency close to 2 f0,
the effect of the acoustic pressure amplitude on the monotonic
relationship can be reduced as indicated by Fig. 6(b).

Note that the variation of sub-harmonic component in the
numerical simulations is more significant than the measured
result. The main reason is that the model used in this study
takes no account of the microbubble interactions and the varia-
tions of the shell parameters as the radius changes. In addition,
in the discussion of the effect of f/ f0 on the generation of the
sub-harmonics, microbubble size distribution is not consid-
ered, and the resonance frequency f0 is calculated with the av-
eraged radius. However, the simulated results still can provide
qualitative interpretation for the experimental results. This im-
plies that the ultrasound exciting conditions can be optimized
based on this theoretical model, and it may suggest that the
sensitivity achievable for noninvasive pressure measurement
can be improved further by carefully tuning the microbubble
parameters. This may require a contrast agent specifically de-
signed for noninvasive pressure measurements, which will be
the object of future studies.

5. Conclusion

In this paper, the dependence of the sub-harmonic am-
plitude of microbubbles on the overpressure is investigated
under different acoustic driving conditions by both experi-
mental measurements and numerical simulations. In the ex-
periments, either decreasing or non-monotonic curves of the
sub-harmonic amplitude versus overpressure are measured.
The ratio of exciting frequency to microbubble resonance fre-
quency and the acoustic pressure amplitude are shown to be
the dominant parameters that can determine the change ten-
dency of the sub-harmonics. The results also demonstrate
that the exciting signal with longer pulse length could provide
a better sensitivity of the sub-harmonics to the overpressure.
This study might provide a foundation for optimizing the local
blood pressure measurement through using the sub-harmonic
response generated from the microbubbles.
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