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Abstract

Several experimental studies have demonstrated that ultrasound (US) can accelerate enzymatic fibrinolysis and this effect is further
enhanced in the presence of ultrasound contrast agents (UCA). Although UCA have been shown to be safe when administered to ische-
mic stroke patients, safety information of these agents in the thrombolysis setting is limited. Therefore, in this study we investigated
potential adverse effects of acoustic cavitation generated by UCA on alteplase (t-PA), the drug used for treatment of ischemic stroke
patients. A volume of 0.9 mL of alteplase was dispensed into a custom-made polyester sample tube. For treatments in the presence
or absence of cavitation either 0.1 mL Optison or phosphate buffer saline was combined with alteplase. Three independent samples
of each treatment group were exposed to ultrasound of 2 MHz frequency at three different peak negative acoustic pressures of 0.5,
1.7, and 3.5 MPa for a duration of 60 min. All treatments were carried out in a cavitation detection system which was used to insonify
the samples and record acoustic emissions generated within the sample. After ultrasound exposure, the treated samples and three
untreated drug samples were tested for their enzymatic activity using a chromogenic substrate. The insonified samples containing Optison
demonstrated cavitational activity proportional to acoustic pressure. No significant cavitation activity was observed in the absence of
Optison. Enzymatic activity of alteplase in both insonified groups was comparable to that in the control group. These tests demonstrated
that exposure of alteplase to 60 min of 2 MHz ultrasound at acoustic pressures ranging from 0.5 MPa to 3.5 MPa, in the presence or
absence of Optison had no adverse effects on the stability of this therapeutic compound.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

It is well known that ultrasound (US) can accelerate clot
dissolution by plasminogen activators (PA) [1–3].
Although the mechanisms are not fully understood, it is
speculated that ultrasound accelerates enzyme mediated
thrombolysis primarily through mechanical effects, by
increasing transport of drug molecules into the clot [4–6].
In particular, cavitation has been identified as a mechanism
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that can significantly enhance this process [7]. The addition
of ultrasound contrast agents (UCA), which act as cavita-
tion nuclei, has been shown to increase the effectiveness of
ultrasound-accelerated thrombolysis [8–11]. The feasibility
of this approach has been demonstrated in the treatment of
ischemic stroke by Molina et al. [12] and Viguier et al. [13].
Molina et al. reported that administration of UCA induces
further acceleration of US-enhanced thrombolysis in acute
ischemic stroke leading to a more complete recanalization.
Although UCA have been shown to be safe when adminis-
tered to acute ischemic stroke patients [14,15], there is lim-
ited information available as to the impact of UCA on
alteplase stability in the presence of ultrasound at the
acoustic pressure levels relevant to ischemic stroke treat-
ment. Smikahl et al. [16] demonstrated that alteplase
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exposed to a 20 kHz vibrating wire for 6 min remained
fully active and stable. Although the presence of cavitation
was not directly verified during the tests reported by Smi-
kahl et al., it was proposed as the principle mechanism
for this device [17].

In a previous study we demonstrated that ultrasound
(1 MHz, 2.5–3.1 W/cm2) did not affect the biological activ-
ity of four plasminogen activators, including alteplase [18].
Meanwhile, we learned that the acoustic output used in the
previous study was not high enough to generate cavitation
in a clean, particulate-free, solution. Considering that cav-
itation is known to be mechanism responsible for causing
biochemical reactions in sonochemistry [19] by causing
bond dissociations in molecules and produce free radicals
that can react with biomolecular materials [20–22], we
designed the current study to investigate the impact of
acoustic cavitation arising from UCAs on the stability of
alteplase. Any adverse effect caused by ultrasound to alte-
plase that would lead to inactivation, denaturation, or frag-
mentation due to high temperature, microjets, free radical
generation, acoustic streaming and increased shear stress,
will lead to a decrease in enzymatic activity of this enzyme
which could be detected using a well established chromo-
genic assay [1,23–28]. Enzymatic activity was evaluated
after 60 min of exposure to 2 MHz ultrasound at various
acoustic pressure amplitudes in the presence and absence
of a UCA called Optison while the type (stable, inertial),
relative quantity and duration of cavitation was acousti-
cally monitored in real-time.

2. Materials and methods

2.1. Sample preparation

Alteplase (Activase�; Genentech Inc., South San Fran-
cisco, CA) was reconstituted to a concentration of
580,000 IU/mL. 0.9 mL of the alteplase was dispensed into
a custom-made, 9.4 mm ID, thin-walled (0.002000 wall),
polyester test tube chosen for its acoustic transparency.
For treatments in which cavitation was desired, 0.1 mL
SOURCE 
TRANSDUCER 

INCIDENT 
ULTRASOUND 

DRUG 
SOLUTION 

SAMPLE
TUBE

FOCAL
ZONE

STIR
BAR

 1.6mm 

14.4mm

9.4mm

17.6mm

A

Fig. 1. Diagram of experimental set
Optison (Amersham Health Inc., Princeton, NJ, USA)
was added to the alteplase to give an Optison volume con-
centration of 10% v/v, which is approximately 50 times
greater than the specified maximum total dose for intrave-
nous application of Optison, which is 0.2% v/v or 8.7 mL in
�4.7 L blood. For treatments without contrast agent,
0.1 mL phosphate buffered saline was combined with the
alteplase. In all cases, the final alteplase concentration
was 522,000 IU/mL. The reason for choosing higher con-
centrations of alteplase and Optison than used in a clinical
setting was to increase the measurement sensitivity. A high
Optison concentration will enhance the cavitational activ-
ity [29] and a high concentration of alteplase molecules will
increase the molecular interaction [30].

2.2. Treatment protocols

Three main treatment protocols were tested: (1) A—
alteplase-only control; (2) A + US—alteplase exposed to
ultrasound in the absence of Optison; and (3)
A + US + OP—alteplase exposed to ultrasound in the
presence of Optison. For both protocols with ultrasound,
three different acoustic pressure levels were investigated
(resulting in a total of seven treatment protocols). Three
independent samples were tested for each of the treatment
protocols [25,26].

2.3. Experimental setup

All treatments were carried out in a cavitation detection
system, which was used to induce cavitation, and record
scattered acoustic emissions generated within the sample.
Fig. 1 shows a diagram of the experimental setup. The
water bath was heated to 37 �C, filtered to 0.2 lm, and
degassed to less than 36% of saturation. The test tube con-
taining alteplase sample was lowered into the water bath
where it remained for the duration of the 60 min treatment.
A magnetic, stir bar (5 mm length) at the bottom of the
sample tube, controlled by a magnetic stir plate positioned
4 cm beneath the sample tube base, rotated at 400 rpm to
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maintain constant mixing of the alteplase solution. Mixing
was particularly important for the treatment with Optison
to ensure that the microbubbles remained suspended
throughout and continuously replenished the transducer
focal zone.

2.4. Acoustic source

A spherically-focused (3.5 cm diameter; 5.5 cm radius of
curvature) ultrasound transducer (Sonic Concepts, WA,
USA) was used to generate an acoustic wave of precise
pressure amplitude in the sample tube. The transducer
was positioned so that the focal zone was centered in the
tube, both laterally and vertically. The �6 dB focal width
and depth were 1.6 mm and 17.6 mm, respectively. Assum-
ing a cylindrical focal zone that intersected the sample tube
walls, the volume of alteplase solution enclosed by the focal
zone was �20 ll. Thus, at any given time during the treat-
ment, approximately 2% of the total fluid volume was
exposed to ultrasound.

The transducer was driven at 2 MHz in pulsed mode
using 10,000-cycle (5 ms) bursts. The amplitude of the
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input drive voltage was adjusted to produce one of three
acoustic peak-negative pressures at the focal zone:
0.5 MPa, 1.7 MPa, and 3.5 MPa. The peak negative acous-
tic pressure at the focus of the 2 MHz transducer was mea-
sured using a bilaminar PVDF membrane hydrophone
(Model 804, Sonora Medical Systems) which had a fre-
quency response that was smooth and flat up to 20 MHz.
The waveforms corresponding to the three pressure ampli-
tudes that were tested are shown in Fig. 2. Amplitude
asymmetry due to nonlinear distortion was observed at
the highest pressure (3.5 MPa).

2.5. Cavitation detection system and signal analysis

Bubbles oscillating in a sound field emit acoustic waves.
Depending on the type of cavitation, the frequency spectrum
of the acoustic emissions may contain components that are
specific to the bubble activity (i.e. are not present in the spec-
trum of the driving sound field). Bubbles undergoing a non-
linear stable pulsation can generate subharmonics at half the
insonation frequency. Inertial cavitation produces broad-
band noise, a result of the rapidly changing bubble radius
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[31]. Passive cavitation detection involves ‘‘listening” for
these acoustic emissions (Fig. 3).

A passive cavitation detection scheme [32] was used to
monitor cavitation generated within each sample during
treatment. A broadband (flat frequency response up to
10 MHz), spherically-focused (1.3 cm diameter, 5.5 cm
radius of curvature), polyvinylidene fluoride (PVDF)
hydrophone (Sonic Concepts, WA, USA) was used to
monitor acoustic emissions from the sample. The hydro-
phone voltage signal passed through an anti-aliasing
10 MHz lowpass filter, was digitized at 50 MHz sampling
rate using an 8 bit analog-to-digital converter board, and
stored on a computer for offline analysis. Software pro-
grams written in LabVIEW v.7.1 were used to control sig-
nal acquisition and to perform signal analysis. During data
collection, recording of the hydrophone signal was syn-
chronized to the source transducer driving pulse. To limit
the collected data to manageable file sizes, signals were
recorded for 1 out of every 30 bursts, corresponding to
an acquisition rate of 1 signal per second. Hydrophone
data was collected over 5-min intervals (resulting in 300
captured bursts per interval) at five different times during
the treatment: at 0 min (start of exposure), 5 min, 15 min,
30 min, and 55 min of elapsed treatment time.

Data analysis consisted of tracking and quantifying cer-
tain frequency components detected in the scattered acous-
tic emissions that are characteristic of cavitation activity.
Subharmonic emission at one-half the driving frequency,
a characteristic of stable nonlinear bubble oscillation
[33,34], was used as a general indicator for stable cavitation
activity. Broadband noise was used as an indicator for iner-
tial cavitation activity [35]. Analysis was performed on a
small segment of the recorded burst, 41 ls in duration,
beginning 19 ls after the start of the burst. The time-
domain hydrophone signal corresponding to each burst
was converted to the frequency domain using a 2048-point
Fast Fourier Transform (FFT). A Blackman–Harris win-
dow was used to reduce spectral leakage in the frequency
domain, providing increased signal-to-noise ratio.

2.6. Broadband noise quantification

Broadband cavitation noise corresponded to an eleva-
tion in signal amplitude between the harmonic peaks in
the FFT magnitude spectrum. The broadband noise ampli-
tude, NA, in a particular signal was quantified by integrat-
ing the ‘‘inter-peak” noise between 4 and 10 MHz. To
reference the noise amplitude to a non-cavitating ‘‘base-
line” signal (i.e. the background noise level), a relative
noise enhancement, RNE, was calculated as the increase
in noise amplitude relative to the average baseline noise
amplitude, hBNAi (Eq. (1)).

RNE ¼ NA� hBNAi
hBNAi ð1Þ

The baseline signal was collected from the sample tube
filled with 0.2 lm filtered, degassed water, and exposed to
ultrasound. Separate baselines were obtained for each pres-
sure level. To quantify the average noise level over a 5-min
data collection interval, the noise quantities per burst were
averaged over the 300 recorded bursts to yield the average
relative noise enhancement, hRNEi. Subsequently, these
values were averaged for each treatment group. The groups
were subject to statistical analysis using One-Way ANOVA
and a post-hoc student’s T-test with Tukey’s correction.

2.7. Subharmonic emission quantification

Subharmonic emission corresponded to an elevation in
the signal amplitude at half the fundamental frequency in
the FFT magnitude spectrum. To quantify the subharmon-
ic content in a recorded burst, the subharmonic amplitude,
SA, was taken to be the FFT magnitude at 1 MHz. To ref-
erence the subharmonic amplitude to the baseline signal,
the relative subharmonic enhancement, RSE, was calcu-
lated as the increase in subharmonic amplitude relative to
the average baseline subharmonic amplitude, hBSAi (Eq.
(2)).

RSE ¼ SA� hBSAi
hBSAi ð2Þ

To quantify the average subharmonic level over a 5 min
data collection interval, the subharmonic quantities per
burst were averaged over the 300 recorded bursts to yield
the average relative subharmonic enhancement, hRSEi.
Subsequently, these values were averaged for each treat-
ment group. The groups were subject to statistical analysis
using One-Way ANOVA and a post-hoc student’s T-test
with Tukey’s correction.

2.8. Enzymatic activity analysis

After treatment with ultrasound, all alteplase samples
were placed in the refrigerator and allowed to stabilize to
the same temperature, �4 �C. Each alteplase sample was
diluted using three different volumes of Tris buffer
(pH = 8.4), so that absorbance of each diluted sample
would fall within the dynamic range of this measurement
technique that can detect any difference in the enzymatic
activity. The dilutions for these tests were 1:190, 1:380,
and 1:500.

Each treatment protocol was performed on three inde-
pendent alteplase samples. For repeatability and accuracy,
each of the dilutions was tested in triplicate, which resulted
in a final number of 27 data points per treatment protocol.

Diluted samples were centrifuged at 3000 rpm for 2 min
to insure proper mixing of sample with Tris buffer and
removal of Optison residuals. After preparation of all dilu-
tions, 190 ll of each sample was dispensed into a 96 well
plate. Samples were incubated in a microplate reader for
3 min and 30 s at 37 �C. After the incubation period,
20 ll of 10 mM chromogenic substrate H-D-Isoleucyl-L-
prolyl-L-arginine-p-nitroaniline dihydrochloride (S-2288;
DiaPharma Group Inc., West Chester, OH) was added into
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each of the sample wells on the plate. The reading of the
plate was started immediately following the addition of
the chromogenic substrate. The plates were read on a
microplate reader (Model: ELx-808-I, Bio-Tek Instru-
ments, Winooski, VT). The microplate reader was set for
a kinetic reading at 405 nm wavelength at 37 �C. The light
absorbance through the each sample was read at 30 s inter-
vals for 5 min. To insure uniform color distribution in each
well, the samples were shaken by the plate reader, at an
intensity setting of 2 for 10 s prior to each reading.

At the conclusion of the sample readings the change in
absorbance per minute (DA/min) for each sample was plot-
ted using Microsoft Excel�. The best-fit line was then
determined by linear regression for each sample and the
slope of this line per volume (in microliters) of each sample
was calculated. The slope of each DA/min graph was
divided by the volume of undiluted alteplase sample that
was used in each of the three dilutions to account for
diluted alteplase concentration. The change in absorbance
per minute per microliter (DA/min/ll) was calculated as a
specific measure of enzymatic activity.

Subsequently, these values were averaged for each treat-
ment group. The groups were then subject to statistical
analysis by One-Way ANOVA and the student’s T-test
with Tukey’s correction using SPSS statistical software ver-
sion 12.0.

3. Results

3.1. Cavitation activity

For treatments with Optison, the alteplase solution was
optically opaque (cloudy) prior to ultrasound exposure, a
result of the high concentration of suspended Optison
microbubbles. Upon commencing ultrasound exposure,
the solution changed from being cloudy to optically clear
after a time that was inversely proportional to the acoustic
peak pressure. The solution cleared after �50 s, �10 s, and
�5 s for acoustic peak pressures of 0.5 MPa, 1.7 MPa, and
3.5 MPa, respectively. The observed optical clearing of the
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Fig. 4. Relative noise enhancement versus time during the 60 min ultrasound
amplitude, continuous noise. (2) Region of low-amplitude, intermittent noise.
solution was qualitative confirmation of the destruction of
initial Optison microbubbles by the ultrasound.

Cavitation noise was observed in the collected signals as
increases in both broadband noise and subharmonic
enhancement. Fig. 4 shows an example of noise-versus-
time signal (for broadband noise) recorded at various times
throughout the 60 min exposure. The temporal characteris-
tics of the cavitation signals were similar for the various
treatment protocols, and could be divided into two
regimes: an initial period of high-amplitude, continuous
noise (region #1 in Fig. 4) that lasted approximately
2 min, followed by a period of low-amplitude, intermittent
noise (region #2 in Fig. 4) that persisted for up to 30 min.

In all treatment groups, the cavitation signals had
returned to baseline before 30 min.

Statistical comparison of the treatment groups was per-
formed on the quantified cavitation signals, hRNEi and
hRSEi, collected at the beginning (0–5 min) of the expo-
sure, for which differences in cavitation activity were most
pronounced (Fig. 5). The numerical values of the average
quantified noise signals obtained for the different groups
are listed in Table 1. One-Way ANOVA comparison of
A + US + OP, A + US, and baseline was performed for
each pressure level. For ultrasound alone, neither hRNEi
nor hRSEi showed a statistically significant difference from
baseline at any pressure, despite an apparent increase in
both at the highest pressure, 3.5 MPa. When Optison was
present, hRNEi was significantly greater than baseline at
1.7 MPa (p < 0.001) and 3.5 MPa (p < 0.003), and hRSEi
was significantly greater than baseline at all pressures
(p < 0.003 for 0.5 MPa, p < 0.001 for 1.7 MPa, and
p < 0.024 for 3.5 MPa). Additionally, when the cavitation
signal for A + US + OP was greater than baseline, it was
also significantly greater than A + US (hRNEi: p < 0.001
for 1.7 MPa, p < 0.007 for 3.5 MPa; hRSEi: p < 0.002 for
0.5 MPa, p < 0.001 for 1.7 MPa), except for hRSEi at
3.5 MPa (p < 0.130), which was a result of the increased
noise level for A + US.

One-Way ANOVA showed that a statistically significant
difference existed among the Optison groups at different
in
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Fig. 5. Relative noise enhancement (top) and relative subharmonic enhancement (bottom) versus time at the beginning (0–5 min) of the 60 min ultrasound
exposure. Each trace is an average over N = 3 independent snapshots.

Table 1
Noise enhancement and subharmonic enhancement (AVG ± standard deviation) at beginning (0–5 min) of ultrasound exposure for the various treatment
groups

hRNEi hRSEi
Peak pressure (MPa) A + US + OP A + US Baseline A + US + OP A + US Baseline

0.5 0.03 ± 0.04 �0.01 ± 0.04 0.00 ± 0.02 0.99 ± 0.35 0.02 ± 0.06 0.00 ± 0.05
1.7 0.85 ± 0.06 �0.02 ± 0.02 0.00 ± 0.02 3.46 ± 0.47 0.06 ± 0.06 0.00 ± 0.03
3.5 1.35 ± 0.49 0.18 ± 0.16 0.00 ± 0.02 7.28 ± 3.93 2.71 ± 1.45 0.00 ± 0.04

Table 2
Average values for specific enzymatic activity (DA/min/ll) for each treatment group

A A + US A + US + OP

Baseline 0.5 MPa 1.7 MPa 3.5 MPa 0.5 MPa 1.7 MPa 3.5 MPa

Avg ± Std [DA/min/ll] 6.4 ± 0.5e�2 6.3 ± 1.2e�2 6.4 ± 0.4e�2 7.1 ± 0.4e�2 6.4 ± 1.2e�2 7.0 ± 0.7e�2 6.6 ± 1.0e�2
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pressures for both hRNEi (p < 0.004) and hRSEi
(p < 0.041). The quantified cavitation signals in Optison
groups were increased with increasing peak pressure.

3.2. Enzymatic activity

The detailed numeric values for the specific enzymatic
activity averages for each treatment protocol are listed in
the Table 2.

One-Way ANOVA comparison of A + US + OP,
A + US, and baseline was performed for each pressure
level. The resulting significance levels were p < 0.966,
p < 0.364, and p < 0.508 for pressure levels of 0.5, 1.7,
and 3.5 MPa, respectively. This suggests that treatment of
alteplase with US or US + OP did not affect the enzymatic
activity of alteplase. In addition, One-Way ANOVA sug-
gests no difference in enzymatic activity of alteplase treated
at three different pressure levels of ultrasound in presence
(p < 0.988) or absence (p < 0.745) of Optison. Additionally,
Tukey’s test showed no significant difference between indi-
vidual groups.

4. Discussion and conclusion

Experimental and clinical studies have consistently dem-
onstrated the capability of US to potentiate enzymatic
thrombolysis [4,36–38]. In addition, recent clinical studies
demonstrated that administration of UCA accelerates the
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sonothrombolysis effect [12,13,39] possibly due to lowering
the cavitation threshold. Culp et al. in a Phase I/II human
feasibility study used MRX-815 with ultrasound both with
and without alteplase for lysis of thrombosed dialysis
grafts. They reported an improved luminal filling in both
alteplase and non alteplase groups [39]. Molina et al. dem-
onstrated that administration of UCA for sonothromboly-
sis in acute ischemic stroke, led to a more complete degree
of arterial recanalization and a trend toward better short-
and long-term outcomes. The authors used 2 MHz
pulsed-wave transcranial Doppler (TCD) as the ultrasound
source [12]. Apart from, Viguier et al.[13], who reported a
high asymptomatic hemorrhagic transformation in their
pilot study of treating 8 patients with TCD and UCA,
the other aforementioned clinical studies suggested that
this treatment modality is a safe means to enhancing the
sonothrombolytic effect.

Although acoustic cavitation generated by UCA has the
potential to cause bond dissociations in molecules and pro-
duce free radicals that can react with biomolecular materi-
als [20–22], the investigation of the acoustic cavitation
effect on PA used in sonothrombolysis has been confined
to the study of Smikahl et al. [16]. These authors demon-
strated that alteplase exposed to a 20 kHz vibrating wire
for up to 6 min remained fully active and stable. Although
the presence of cavitation was not directly verified during
their study, it was proposed as the principle mechanism
for thrombolysis in this device [17].

In the current study, we have investigated the potential
adverse effect of UCA cavitational activity on alteplase,
the drug used in ischemic stroke treatment. By monitoring
the real-time cavitational signatures we were able to iden-
tify the duration and type of cavitation – inertial or stable
– during the 60 min US exposure. We chose a frequency of
2 MHz and three acoustic peak negative pressures (0.3, 1.7,
3.5 MPa) that are relevant to the acoustic parameters used
by ultrasonic devices in sonothrombolytic treatment of
ischemic stroke namely TCD and EKOS Microlysus�
Infusion system (EKOS Corp., Bothell, WA). The test con-
dition described in this study presents a worst case sce-
nario: (1) Pure alteplase solution was chosen, to avoid
the limited half life seen in the presence of plasma proteins
and fibrin. In addition, the solution presents a lower cavi-
tation threshold than blood or blood clots [40]. (2) An
Optison volume concentration of 10%v/v that is approxi-
mately 50 times greater than the specified maximum total
dose for intravenous application of Optison, 0.2%v/v was
used. This would increase the quantity of cavitation in
the alteplase solution [29]. (3) The alteplase was not
diluted, thus providing a maximum number of drug mole-
cules surrounding the Optison microbubbles. Considering
the extremely short half life of radicals [41], this fact should
increase the chance of molecular interactions [30]. (4) An
US exposure of 60 min was chosen in order to monitor
the potential secondary activation of microbubbles.
Although the initial Optison bubbles are mostly destroyed
after 2 min of US exposure, the microbubble gas content
and remaining shell could still act as cavitation nuclei in
the alteplase solution [42]. (5) A 15% duty cycle was used,
since the quantity of cavitation and severity of related bio-
effects increases with burst duration [43].

In conclusion, US of 2 MHz and acoustic peak nega-
tive pressure up to 3.5 MPa did not generate statistically
significant cavitation in alteplase test solution. However,
addition of Optison lowered the cavitation threshold as
expected. The presence of stable cavitation was verified
for all acoustic pressures (0.5, 1.7, 3.5 MPa) and inertial
cavitation was observed at an acoustic peak negative
pressure of 1.7 MPa, and was quantitatively increased
at 3.5 MPa. The temporal characteristics of the cavita-
tion signals for both cavitation types were similar for
the various treatment protocols, and can be divided into
two regimes: an initial period of high-amplitude, contin-
uous noise that lasted approximately 2 min, followed by
a period of low-amplitude, intermittent noise that per-
sisted for up to 30 min. However, the presence or
absence of cavitation did not impact the stability of
alteplase.

References

[1] A. Blinc, C.W. Francis, J.L. Trudnowski, E.L. Carstensen, Charac-
terization of ultrasound-potentiated fibrinolysis in vitro, Blood 81
(1993) 2636–2643.

[2] C.W. Francis, P.T. Oenunderson, E.L. Carstensen, A. Blinc, R.S.
Meltzer, Enhancement of fibrinolysis in vitro by ultrasound, J. Clin.
Invest. 90 (1992) 2063–2068.

[3] D. Harpaz, X. Chen, C.W. Francis, V. Marder, R. Meltzer,
Ultrasound enhancement of thrombolysis and reperfusion in vitro,
JACC 21 (1993) 507–1511.

[4] C.W. Francis, A. Blinc, S. Lee, C. Cox, Ultrasound accelerates
transport of recombinant tissue plasminogen activator into clots,
Ultrasound Med. Biol. 21 (1995) 419–424.

[5] J.V. Braaten, R.A. Goss, C.W. Francis, Ultrasound reversibly
disaggregates fibrin fibers, Thromb. Haemost. 78 (1997) 1063–1068.

[6] F. Siddiqi, T.M. Odrljin, P.J. Fay, C. Cox, C.W. Francis, Binding of
tissue-plasminogen activator to fibrin: effect of ultrasound, Blood 91
(1998) 2019–2025.

[7] E. Everbach, C.W. Francis, Cavitational mechanisms in ultrasound-
accelerated thrombolysis at 1 MHz, Ultrasound Med. Biol. 26 (2000)
153–1160.

[8] K. Mizushige, I. Kondo, K. Ohmori, K. Hirao, H. Matsuo,
Enhancement ultrasound-accelerated thrombolysis by echo-contrast
agents: dependence on microbubble structure, Ultrasound Med. Biol.
25 (1999) 1431–1437.

[9] K. Tachibana, S. Tachibana, Albumin microbubble echo-contrast
material as an enhancer for ultrasound accelerated thrombolysis,
Circulation 92 (1995) 1148–1150.

[10] Y. Wu, E.C. Unger, T.P. McCreery, R.H. Sweitzer, D. Shen, G. Wu,
M.D. Vielhauer, Binding and lysing of blood clots using MRX-408,
Invest. Radiol. 33 (1998) 880–885.

[11] A.F. Prokop, A. Soltani, R.A. Roy, Cavitational mechanisms in
ultrasound-accelerated fibrinolysis, Ultrasound Med. Biol. 33 (2007)
924–933.

[12] C.A. Molina, M. Ribo, M. Rubiera, J. Montaner, E. Santamarina, R.
Delgado-Mederos, J.F. Arenillas, R. Huertas, F. Purroy, P. Delgado,
J. Alvarez-Sabin, Micorbubble administration accelerates clot lysis
during continuous 2-MHz ultrasound monitoring in stroke patients
treated with intravenous tissue plasminogen activator, Stroke 37
(2006) 425–429.



116 A. Soltani et al. / Ultrasonics 48 (2008) 109–116
[13] A. Viguier, R. Petit, M. Rigal, P. Cintas, V. Larrue, Continuous
monitoring of middle cerebral artery recanalization with transcranial
color-coded sonography and levovist, J. Thromb. Thrombolysis 19
(2005) 55–59.

[14] G. Seidel, T. Albers, K. Meyer, M. Wiesmann, Perfusion harmonic
imaging in acute middle cerebral artery infarction, Ultrasound Med.
Biol. 29 (2003) 1245–1251.

[15] R.W. Baumgartner, Transcranial color duplex sonography in cere-
brovascular disease: a systematic review, Cerebrovasc. Dis. 16 (2003)
4–13.

[16] J. Smikahl, D. Yeung, S. Wang, C. Semba, Alteplase stability and
bioactivity after low-power ultrasonic energy delivery with the
omniSonics resolution system, J. Vasc. Interv. Radiol. 16 (2005)
385–389.

[17] J.F. Polak, F. Chen, S. Block, R. Rabiner, B. Hare, Cavitation is the
principle mechanism of action of ultrasonic thrombolysis: in-vitro
study, J. Vasc. Interv. Radiol. 13 (2002) S113.

[18] A. Soltani, C. Soliday, Effect of ultrasound on enzymatic activity of
selected plasminogen activators, Thromb. Reas. 119 (2007) 223–228.

[19] N.A. Dhas, A. Ekhtiarzadeh, K.S. Suslick, Sonochemical preparation
of supported hydrodesulfurization catalysts, J. Am. Chem. Soc. 123
(2001) 8310–8316.

[20] K.S. Suslick, Ultrasound: Its Chemical, Physical, and Biological
Effects, VCH Publishers, New York, 1988.

[21] K.S. Suslick, Y. Didenko, M.M. Fang, T.H. Hyeon, K.J. Kolbeck,
W.B. McNamara III, M.M. Mdleleni, M. Wong, Acoustic cavitation
and its chemical consequences, Philos. Trans. R. Soc. Lond. A 357
(1999) 335–353.

[22] P. Riesz, T. Kondo, Free Radical formation induced by ultrasound
and its biological implications, Free Radic. Biol. Med. 13 (1992) 247–
270.

[23] T. Urano, V.S. deSerrano, S. Urano, F.J. Castellino, Stimulation
by fibrinogen of the amidolytic activity of single-chain tissue
plasminogen activator, Arch. Biochem. Biophys. 270 (1989) 356–
362.

[24] D.C. Rijken, E. Groeneveld, Isolation and functional characterization
of the havy and ligt chains of human tissue-type plasminogen
activator, J. Biol. Chem. 261 (1986) 3098–3102.

[25] A.A. Higazi, I.I. Barghouti, A. Rasmi, Identification of an inhibitor
of tissue-type plasminogen activator-mediated fibrinolysis in human
neutrophils, J. Biol. Chem. 270 (1995) 9472–9477.

[26] Y.H. Feng, G. Hart, In vitro oxidative damage to tissue-type
plasminogen activator: a selective modification of the biological
functions, Cardiovasc. Res. 30 (1995) 255–261.

[27] S.S. Husain, A single-step separation of the one-and two-chain forms
of tissue plasminogen activator, Arch. Biochem. Biophys. 285 (1991)
373–376.
[28] S.K. Sharma, F.J. Castellino, The chemical synthesis of the chromo-
genic substrates, H-D-Val-L-Leu-L-Lys-p-nitroanilide (S2251) and H-
D-Ile-L-Pro-L-ARG-p-nitroanilide (S2288), Thromb. Res. 57 (1990)
127–138.

[29] Y.T. Didenko, K.S. Suslick, The energy efficiency of formation of
photons, radicals and ions during single-bubble cavitation, Nature
418 (2002) 394–397.

[30] W.M. Dale, L.H. Gray, W.J. Meredith, The inactivation of an
enzyme (carboxypeptidase) by X- and a-radiation, Philos. Trans. R.
Soc. Lond. A. 242 (1949) 33–62.

[31] T.G. Leighton, The Acoustic Bubble, Academic Press, London, 1994,
pp. 468.

[32] S.L. Poliachik, W.L. Chandler, P.D. Mourad, M.R. Bailey, S. Bloch,
R.O. Cleveland, P. Kaczkowski, G. Keilman, T. Porter, L.A. Crum,
Effect of high-intensity focused ultrasound on whole blood with and
without microbubble contrast agent, Ultrasound Med. Biol. 25 (1999)
991–998.

[33] A. Eller, H. Flynn, Generation of subharmonics of order one-half by
bubbles in sound field, J. Acoust. Soc. Am. 46 (1968) 722–727.

[34] W. Lauterborn, Numerical investigation of nonlinear oscillations of
gas bubbles in liquids, J. Acoust. Soc. Am. 59 (1976) 283–293.

[35] W. Chen, A. Brayman, T. Matula, L. Crum, Inertial cavitation dose
and hemolysis produced in vitro with or without Optison, Ultrasound
Med. Biol. 29 (2003) 725–737.

[36] A.V. Alexandrov, C.A. Molina, J.C. Grotta, Z. Garami, S.R. Ford, J.
Alvarez-Sabin, et al., Ultrasound-enhanced systemic thrombolysis for
acute ischemic stroke, N. Engl. J. Med. 351 (2004) 2170–2178.

[37] S. Atar, H. Luo, T. Nagai, R.A. Sahm, T. McCreery, M.C. Fishbein,
R. Siegel, Arterial thrombus dissolution in vivo using a transducer-
tipped, high frequency ultrasound catheter and local low-dose
urokinase delivery, J. Endovasc. Ther. 8 (2001) 282–290.

[38] J. Broderick, T. Tomsick, The IMS trials, Endovasc. Today (2006)
23–25, June.

[39] W.C. Culp, R.B. McLafferty, R.P. Uflacker, C.H. Danielson, T.
Matsunaga, E.C. Unger. Microbubble augmented sonothrombolysis
of occluded dialysis grafts: initial human experience, in: SIR
Conference Proceedings, 2005.

[40] X. Yang, C.C. Church, A model for the dynamics of gas bubbles in
soft tissue, J. Acoust. Soc. Am. 118 (2005) 3595–3606.

[41] T.F. Slater, Free-radicals mechanisms in tissue injury, Biochem. J.
222 (1984) 1–15.

[42] W. Chen, T.J. Matula, A.A. Brayman, L.A. Crum, A comparison of
the fragmentation thresholds and inertial cavitation doses of different
ultrasound contrast agent, J. Acoust. Soc. Am. 113 (2003) 643–651.

[43] J. Ivey, E. Gardner, J. Fowlkes, J.M. Rubin, P.L. Carson, Acoustic
generation of intra-arterial contrast boluses, Ultrasound Med. Biol.
21 (1995) 757–767.


	Stability of alteplase in presence of cavitation
	Introduction
	Materials and methods
	Sample preparation
	Treatment protocols
	Experimental setup
	Acoustic source
	Cavitation detection system and signal analysis
	Broadband noise quantification
	Subharmonic emission quantification
	Enzymatic activity analysis

	Results
	Cavitation activity
	Enzymatic activity

	Discussion and conclusion
	References


