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Abstract—For the first time, and using an acoustical meth-
od, it has been shown experimentally that the inertial cavita-
tion threshold pressure of an albumin-shelled microbubble is 
significantly correlated with its initial size.

I. Introduction

The primary clinical use of ultrasound contrast agents 
(Ucas) is their image enhancement capability for 

ultrasound imaging. More recently, the therapeutic ap-
plications of Ucas are being pursued. These therapeutic 
applications require a greater understanding of whether 
the Uca collapses, given that some applications require 
Uca collapse and others do not. Thus, this study’s aim 
is to assess experimentally the role of Uca initial size on 
the inertial cavitation threshold pressure, a necessary step 
for further understanding of theoretical models of bubble 
dynamics and bubble collapse.

II. Materials and Methods

Four populations of Ucas were made based on the pro-
tocol by Borrelli et al. [1]. Briefly, the Ucas were produced 
from aqueous solutions of bovine serum albumin (Bsa; 
sigma-aldrich co., st. louis, Mo) and dextrose (Fisher 
chemical, Fair lawn, nJ) that were saturated with per-
fluorobutane gas (FluoroMed lP, round rock, TX). The 
solutions were sonicated with a 20-kHz Fisher 500 sonic 
dismembrator (ThermoFisher scientific, Waltham, Ma) 
using a 1.1-cm-diameter sonic horn.

Microscopic images (olympus BX51, Tokyo, Japan) of 
the tested bubbles were acquired for each set of experi-
ments and analyzed using a circle detection routine based 
on the Hough transform to evaluate the size distribution 
of the population.

The double passive cavitation detection (dPcd) ex-
periments involved a 4.6-MHz transmit transducer and 
13.8- and 14.6-MHz receive transducers. Three-cycle 
tone bursts with a pulse repetition frequency of 10 Hz 
at the transmit center frequency were generated using a 
pulse-receive system (raM-5000, rITEc Inc., Warwick, 
rI). several thousand signals [8 series of 500 signals for 
each tested incident peak rarefactional pressure ampli-
tude (PrPa)] were acquired. The complete setup includ-
ing the transmit PrPa calibration procedures has been 
fully described elsewhere [2]. The dPcd analysis of col-
lapsed Ucas involved categorizing the Ucas according 
to a classification scheme based on the presence or ab-
sence of postexcitation signals (PEss). PEs is defined as a 
secondary, short, broadband response typically occurring 
between 1 and 5 μs after the principle response. In this 
study, the measurement criterion was based on the 5% 
and 50% postexcitation thresholds. This parameter is de-
fined as the level at which a certain percentage of the to-
tal population of microbubbles transiently collapsed with 
PEs for an applied PrPa. It is determined as the ratio 
between the total number of signals exhibiting PEs and 
the total number of signals associated with the presence 
of a single bubble in the confocal region. Postexcitation 
curves were then obtained using a modified logistic regres-
sion using Matlab (The MathWorks Inc., natick, Ma) to 
fit the experimental data, allowing the evaluation of the 
5% and the 50% postexcitation thresholds and their 95% 
confidence intervals [2].

an analysis of variance (anoVa) was performed be-
tween the four Uca populations for the two parameters: 
the initial radius and the postexcitation threshold. For 
the collapse thresholds, the anoVa was based on com-
paring the weighted means of the PrPa associated with 
the PEs-determined Uca collapse for the four groups. 
results were significant for p-value < 0.05. In addition to 
the anoVa, we graphically compared the 95% confidence 
intervals of the four groups for the parameters initial ra-
dius and 5% and 50% postexcitation threshold. For the 
size parameter, the 95% confidence interval was based on 
the standard deviation for the Uca radius of the selected 
group. For the postexcitation parameters, the 95% con-
fidence intervals were directly provided through the fit-
ting of the logistic regression curve for the four groups. 
results were significant when the confidence intervals did 
not overlap.

Previous experimental studies [3] compared PEs-deter-
mined Uca collapse data for lipid-shell Uca with the 
Marmottant model [4] for large amplitude Uca behavior: 
good agreement between experimental measurements and 
simulated curves using the Marmottant equation was ob-
tained using the criterion of maximum radial expansion to 
indicate the onset of postexcitation collapse. simulations 
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indicated that the Uca size may have an effect on post-
excitation curves. Thus, simulations using the Marmot-
tant equation for a 3-cycle 4.6-MHz pulse were performed 
by adapting the parameters to optison-like microbubbles 
with an albumin shell [5].

III. results

The null hypothesis was rejected for the weighted mean 
size: there was at least one weighted mean size of the four 
Uca populations that was significantly different from the 
others. The 95% confidence interval graphical evaluation 
provided a better understanding of the behavior of the 
four tested groups: groups 1 and 2 exhibited similar radii, 
as did groups 3 and 4 [Fig. 1(a)].

The null hypothesis was rejected for the percentage 
postexcitation thresholds: there was at least one group 
where the postexcitation threshold was significantly dif-
ferent from the others. The graphical evaluation of the 
95% confidence interval [Fig. 1(b)] showed the same sig-
nificantly different two subgroups as for the initial size: 
groups 1 and 2 have similar postexcitation thresholds, as 
did groups 3 and 4.

Table I displays the measured and the predicted values 
of the 50% postexcitation thresholds of the two statisti-
cally determined subgroups.

The simulation using the Marmottant equation pre-
dicted the broad trend in the response of Uca; groups 3 
and 4 were predicted to have lower 50% thresholds than 
groups 1 and 2 (Fig. 2).

IV. discussion and conclusion

The four Uca populations could be divided into two 
distinct and statistically significant subgroups based on 
their initial size. The 5% and 50% postexcitation thresh-
olds showed the same statistically significant split between 
the four groups. These two subgroups were thus signifi-
cantly different in size as well as postexcitation threshold.

In addition, the global trend of the Ucas was pre-
dicted by the Marmottant equation. The PrPa versus 
radius trend noted in Fig. 2 for the two subgroups was 
consistent with the experimental findings; however, quan-
titative agreement was not as good. one reason may be 
that the Marmottant-based simulations were performed 
for optison-like microbubbles that may exhibit differences 
in shell properties with microbubbles made for this study. 
Therefore, additional work is likely needed to optimize 
the model so that it will better predict the postexcitation 
threshold values.

Fig. 1. (a) Mean radii and their 95% confidence intervals. (b) Mean 5% 
(black) and 50% (gray) collapse thresholds and their 95% confidence 
intervals. The absence of overlapping between the groups is represented 
by the dashed lines.

TaBlE I. Measured and Predicted 50% collapse Thresholds for the Two subgroups. 

Group
Mean radius [μm] + 

95% confidence interval

Measured 50% postexcitation 
threshold [MPa] + 

95% confidence interval
Predicted 50% postexcitation 

threshold [MPa]

1–2 0.63 [0.62–0.64] 3.29 [3.13–3.41] 3.81
3–4 0.76 [0.75–0.77] 2.22 [2.05–2.37] 3.32

Fig. 2. Marmottant model simulations at 4.6 MHz showing maximum 
radial expansion, a predictor of postexcitation signal, as a function of R0 
and peak rarefactional pressure amplitude (PrPa).
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