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Abstract

Prior studies demonstrated that histotripsy generated by high-intensity tone bursts to excite a
bubble cloud adjacent to a medical implant can destroy the bacteria biofilm responsible for the
infection. The goal of this study was to treat S. aureus biofilms on surgical mesh samples while
varying the number of cycles in the tone burst to minimize collateral tissue damage while
maximizing therapy effectiveness. S. aureus biofilms were grown on 1 cm square surgical mesh
samples. The biofilms were then treated /n vitro using a spherically focused transducer (1.1 MHz,
12.9 cm focal length, 12.7 cm diameter) using either a sham exposure or histotripsy pulses with
tone burst durations of 3, 5, or 10 cycles (pulse repetition frequency of 333 Hz, peak
compressional pressure of 150 MPa, peak rarefactional pressure of 17 MPa). After treatment, the
number of colony forming units (CFUs) on the mesh and the surrounding gel was independently
determined. The number of CFUs remaining on the mesh for the sham exposure (4.8+0.9-log10)
(sample mean = sample standard deviation-log10 from 15 observations) was statistically
significantly different from the 3-cycle (1.9+1.5-10g1¢), 5-cycle (2.2+1.1-logyg), and 10-cycle
exposures (1.0+1.5-logyg) with an average reduction in the number of CFUs of 3.1-logqg. The
numbers of CFUs released into the gel for both the sham and exposure groups were the same
within a bound of 0.86-log1g, but this interval was too large to deduce the fate of the bacteria in the
biofilm following the treatment.

Index Terms
Ultrasound Therapy; Histotripsy; biofilm infection

[. Introduction

IN the United States, over a million operations are performed annually to repair abdominal
hernias at an estimated cost of over $2.5 billion [1]. The use of surgical mesh following
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hernia repair has become standard practice due to lower recurrence rates and shorter hospital
stays. One of the most severe complications following hernia repair is mesh related
infections [1-5]. The rate of mesh infections has ranged from less than 1% after
laparoscopic ventral incisional hernia repair to over 10% [1, 3-6]. In a review of mesh
infection studies [1], 27% to 100% of the infections resulted in mesh removal with an
average removal rate of ~70%. In addition to patient suffering, cost, and tissue damage
associated with mesh removal, hernia recurrence is a common problem following mesh
removal with recurrence rates as high as 100% depending on the surgical procedure [5, 6]. A
new mesh cannot be immediately placed upon removing the infected mesh as the local
infection will simply spread to the new mesh causing a secondary infection. Instead the
infection must be resolved before a new mesh can be placed, complicating the hernia repair

[6].

Ultrasound has already shown potential for non-invasively treating biofilms when coupled
with traditional antibiotic treatments [7-9] where ultrasound appears to increase drug
delivery to Escherichia coli (E. coli) biofilms. However, in these studies, treatment times
were long (~24 to 48 hours), and the treatment was not successful for all types of bacteria.
For example, Pseudomonas aeruginosa (P, aeruginosa) biofilms were not successfully treated
by the ultrasound exposures, presumably due to the impermeability and stability of the outer
membrane of the bacteria [9]. However, our prior studies showed that both £. coliand P
aeruginosa biofilms could be successfully destroyed non-invasively by using high-intensity,
short duration, ultrasound tone bursts at low duty cycles to mechanically destroy the biofilm
structure [10, 11]. This technique, termed cavitation-based histotripsy [12], relies on inertial
cavitation to disrupt the biofilm structure. Noninvasive therapies would allow the biofilm to
be treated and the infection resolved without needing additional surgeries.

Inertial cavitation, often referred to simply as cavitation, is the dramatic expansion and
subsequent collapse of a gas body (i.e., micron-sized bubble or cloud of bubbles) in a fluid
medium upon exposure to ultrasound. The collapse of the microbubbles near a solid or tissue
boundary results in the formation of a microjet [13, 14], which will mechanically shred the
cells or bacteria in the case of a biofilm. When producing inertial cavitation in the MHz
frequency range, the mechanical destruction is so fine that it can split a cell in half. Also, in
a recent study, 99% of the tissue debris from the cavitation-induced destruction of cells were
found to be less than 6 xm in diameter [15] indicating that cavitation-based therapies can be
safely used without creating emboli. Inertial cavitation can be generated /n vivo by
positioning the focus of an ultrasound transducer at the desired location and destroying only
the targeted cells without damaging the rest of the tissue along the propagation path [15-32].
The bubble cloud responsible for the destruction can be clearly seen in an ultrasound image,
allowing for precise therapy control [33, 34].

In our initial study, £. coliwas grown as a biofilm in chambered microscope slides (4 well
Permanox, Lab-Tek Chamber Slide System, Nalge Nunc International, Rochester, NY) as is
described in [10]. The biofilms were then exposed to ultrasound at one of six different
exposure levels including a sham exposure. A raster scanning pattern with a step size of 750
4m (~ half the beam width) and a delay of 30 seconds between steps was used to treat the
entire biofilm. The exposures consisted of 10 cycle tone bursts with a frequency of 1.1 MHz
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(pulse duration of 9.1 ts) at a pulse repetition frequency (PRF) of 1000 Hz (1 ms delay
between tone bursts). The peak rarefactional pressure, p; , for each exposure was varied as 0
(sham), 6 MPa, 7.9 MPa, 10 MPa, 11.9 MPa, and 14.6 MPa, after including the contribution
from the reflected wave. After the ultrasound exposure, the number of viable bacteria
remaining in the biofilm was determined by dilution plating on media to measure the
number of viable bacteria capable of forming a colony [colony forming units, CFUs]. The
number of CFUs remaining varies over several orders of magnitude even for identical
exposure conditions. However, a statistically significant number of the biofilms at the
highest two exposure levels (i.e., p; of 11.9 and 14.6 MPa) had no viable bacteria. The
average number of CFUs in the highest exposure levels was 4.6/mm?2 whereas the average
number of CFUs in the control was 1.1x10%mm?, which is a 4.4-logyg reduction of bacteria
in the biofilm.

After completing the experiments with the £. colibiofilms, £ aeruginosa biofilms were
grown on Pyrolytic graphite plates [11]. The biofilms were either not exposed (control) or
exposed to ultrasound with a peak rarefactional pressure of 13 MPa (larger than pressure
threshold necessary for destroying £. colibiofilms) utilizing 20-cycle sine wave tone bursts.
For the ultrasound exposures, the exposure time at each location on the surface of the
biofilm varied from 30 seconds per location (similar to earlier study) to 5 seconds per
location while the period between the tone bursts was varied from 1 to 12 ms (n=6
repetitions/exposure condition). The entire surface of the graphite was treated by once again
moving the focus of the ultrasound transducer in a raster scanning pattern with a step size of
750 1m over the whole surface. An epifluorescence microscopy image of the surface of the
implant was then used to determine the percent coverage of the plate by live and dead
bacteria. From these results, we deduced that the bacteria biofilms were completely
destroyed as there was no statistical difference between the sterile plate and the exposed
plate at the higher exposure levels. Also, the destruction occurred much faster and with
fewer tone bursts than was used in our £. coli study (30 s exposure with 1 ms period). Also,
increasing the number of tone bursts for the same acoustic pressure increased biofilm
destruction (see 15s/3ms exposure versus 5s/3ms exposure).

Our initial work, while promising, focused on treating bacteria biofilms on planar surfaces
as these were the simplest geometry on which to grow and expose the biofilms. However, as
we move towards the clinical application of surgical mesh infections, we need to verify that
our treatment will be equally effective for the mesh geometry. In addition, we need to
determine the optimal pulse duration for treating the bacteria biofilms as the level of tissue
damage is directly correlated with the duration of the pulse [33, 35, 36]. Lastly, we need to
confirm that biofilm destruction can also be achieved for Staphylococcus aureus (S. aureus)
biofilm given its prevalence in mesh infections following hernia repair [1, 3, 5]. Therefore,
in this study, S. aureus biofilms were grown on surgical mesh samples and exposed in vitro
to ultrasound histotripsy pulses with varying pulse duration. The number of CFUs was then
used to assess the effectiveness of the therapy for each pulse duration. In addition, the
expected collateral damage was separately quantified for each exposure condition using an
ultrasound gel pad as a tissue mimic.
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[l. Methods

A. Biofilm Preparation

Staphylococcus aureus subsp. Aureus (ATCC®25923 ™) biofilms were grown on 10 mm x
10 mm samples of Polypropylene mesh (PPKM301, Surgical Mesh Division, Textile
Development Associates Inc., Brookfield, CT) as shown in Figure 1.

The biofilms were grown on the mesh by placing each mesh sample in 20 ml of tryptic soy
broth (TSB) with one mesh sample per tube. The tubes were then inoculated with 2044 of
stationary phase bacteria grown over the previous night to initiate biofilm growth. The tubes
were then incubated for 24 hours at 37°C. After 24 hours, the mesh was removed using
sterile forceps and transferred to a new tube filled with 20 ml of TSB. Inoculation of the
second tube was not necessary as the mesh carried sufficient bacteria from one tube to the
next. This tube was incubated for 24 hours at 37°C. Afterwards, the mesh was transferred to
a new tube with 20 ml of TSB a final time, and incubated again for 24 hours again at 37°C
(3 days total). This growth time was determined by varying the time from 1 to 4 days in
exploratory studies and determining the number of CFUs on the mesh. The exploratory
studies revealed that 3 days of incubation were optimal for our study.

S. aureus was selected for our studies due to its prevalence in mesh infections following
hernia repair [1, 3, 5]. PPKM301 was selected from the over 200 meshes on the market [37],
as it is a monofilament mesh with relatively large pores (1.5 x 1.2 mm) and small filament
diameter (80 xm). Large pore meshes seem to correlate with better clinical outcome [2, 37],
and therefore, we expect them to be the dominant surgical mesh for hernia repair in the
future. The large pore size (larger than the focal dimensions) and small filament diameter
(smaller than the acoustic wavelength) should also allow for cavitation activity to be
generated on all sides of the filaments, improving the efficacy of the proposed treatments.

B. Ultrasound Treatment of the Infected Mesh

After growing the biofilm, the mesh sample was removed from the growth chamber with
sterile forceps and gently rinsed with 10ml of sterile phosphate buffered saline (PBS) to
remove any planktonic bacteria. The sample was then place in an Aquaflex Ultrasound Gel
Pad Standoffs (Parker Laboratories Inc., Fairfield, NJ) by first cutting the gel pad in half and
then cutting a slit into the middle of the gel pad in which the mesh could be inserted. This
left approximately 10 mm of gel pad on either side of the mesh. After inserting the mesh,
100 4 of sterile PBS was also injected into the slit with the mesh. The gel pad with mesh
was then placed in a holder in a water bath and exposed to the appropriate ultrasound level.
The gel pads were selected as they are bacteriostatic and will thus minimize bacteria growth
and have approximately the same mechanical properties as abdominal muscle [38—40].
Mechanical properties have a significant impact on cavitation-histotripsy treatments, such as
those used in our study, and therefore it is important they be relatively similar to real
biological tissue [33, 41, 42]. The gel pads also provided a consistent material for the
exposures.

Once placed into the water bath, the focus of the ultrasound therapy transducer was aligned
with the mesh sample by using a low-power signal from a pulser-receiver (Panametrics

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bigelow et al.

Page 5

5900, Olympus Corporation, Tokyo, Japan) as illustrated in Figure 2. The panametrics
excites the transducer with a voltage spike when operating in pulse-echo mode. The therapy
transducer was a single-element spherically focused transducer with an operating frequency
of 1.1 MHz, a focal length of 12.5 cm, and a diameter of 12.5 cm (H-161C, Sonic Concepts
Inc., Bothell, WA). For the alignment, the echo from one of the mesh fibers was first
maximized by moving the transducer both in the plane of the mesh and perpendicular to the
mesh using a custom computer controlled 3-axis positioning system (BiSlide Assemblies,
VELMEX Inc., Bloomfield, NY, USA).

Once aligned on a fiber, the edges of the mesh were identified by observing when the echo
from the mesh could no longer be observed while moving the transducer in 1 mm steps in
the plane of the mesh. The ultrasound source was driven at a pulse repetition frequency of 2
kHz with a focal pressure amplitude of either 0.076 MPa or 0.15 MPa for the alignment as
determined by measurements with our capsule hydrophone (ONDA HGL-0200, Onda
Corporation, Sunnyvale, CA, USA). Initially, the lower pressure was used for the alignment;
however, alignment was easier at a slightly higher pressure, so the later exposures used the
higher amplitude. The pressure pulses used for the alignment are shown in Figure 3.

Once aligned, the mesh sample was randomly exposed to either a sham exposure or
histotripsy pulses with tone burst durations of 3, 5, or 10 cycles at a pulse repetition
frequency (PRF) of 333 Hz, a peak-compressional pressure of approximately 150 MPa, and
a peak rarefactional pressure of approximately 17 MPa. These pressures were determined for
our ultrasound therapy transducer using a combination of hydrophone measurements and
computer modelling as has been explained in detail in our earlier publications [11, 41, 43,
44]. Each pulse duration including the sham was repeated 15 times. The entire mesh was
exposed by scanning the focal point of the transducer in a raster pattern using a step size of
750 m with an exposure duration of 15 seconds per location. This step size, exposure
duration, and PRF were found to be optimal in our earlier histotripsy and biofilm studies
[10, 11, 45]. In order to ensure that the entire mesh was treated, the scans were typically 11
to 16 mm on a side as was determined from our alignment procedure for each mesh. The
sham exposures were conducted exactly the same as the treatments, including the movement
of the transducer, with the only difference being that the therapy source was off for the sham
exposures.

C. Assessment of CFUs

Following the treatment, the gel pad with the inserted mesh was removed from the holder.
The pad was then cut using a sterile blade so that the top portion of the pad could be lifted
away from the mesh sample. This top portion usually corresponded to the portion of the gel
pad that was on the far side of the mesh, opposite the transducer. The mesh was then lifted
off of the gel pad using sterile forceps and immersed into a tube of 4.5 ml of sterile PBS.
This was done to remove any gel fragments on the mesh but not the bacteria still attached to
the mesh via biofilm. The mesh was then transferred to a 0.6 ml microcentrifuge tube
containing 500 /4 of sterile PBS. The gel pad was then scrapped with a sterile blade to
remove the surface of the gel that had been in contact with the mesh as well as any gel
fragments that had been disrupted by the action of the cavitation. The scrapped gel and
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fragments were placed in the same container in which the mesh was immersed upon its
removal from the gel. This allowed for the determination of the number of CFUs released
into the gel as well as the number of CFUs remaining on the mesh for every exposure.

The 0.6 ml microcentrifuge tube containing the mesh was then vortexed for 60 seconds. It
was placed in a Symphony Ultrasonic Cleaner (1.9 L, VWR, Radnor, PA) and sonicated for
two minutes. It was then vortexed for 60 seconds, sonicated for two minutes, and vortexed
again for 60 seconds. This process broke apart the biofilm without killing the bacteria.
Following the sonication and vortexing, 500 /4 was removed and serial diluted in sterile PBS
to the following dilutions: 1071, 1072, 1073, 1074, and 107°. The tube with the gel fragments
was vortexed for three minutes and diluted likewise. 100 /4 of each dilution was plated on
tryptic soy agar and grown overnight at 37° C. CFUs were counted the next day. These data
were used to back calculate the total number of CFUs both remaining on the mesh and
present in the disrupted gel after histotripsy. The number of CFUs reported corresponded to
the dilution that had between 30 and 300 for each case as counts in this range have been
shown to be the most reliable. If two different dilutions had counts in this range, the
numbers were averaged after accounting for the dilution process. If all of the counts were
outside the 30-300 range, then the count from the dilution that was closest to 300 was used.
Lastly, if the plate counts were zero for the lowest dilution, the count was set to zero. Once
the number of CFUs was determined for either the mesh or the gel, the goal was to
determine the logyg-reduction in the number of CFUs between the sham and each exposure
condition. Therefore, we calculated log;g(count+1) to translate the count into log number for
comparison. This transformation avoided the problem with logig(count) when the count is
zero, and also allowed the transformed data for each of the four groups to follow a normal
distribution simplifying the statistical analysis of the data [46].

D. Statistical Analysis

We analyzed the transformed data for the mesh using one-way analysis of variance
(ANOVA) and JMP software (Pro 12, The SAS Institute). The data included 60
observations, 15 for each of the sham and three exposure groups. The Tukey-Kramer honest
significant difference (HSD) method (with an overall type | error rate of no more than 5%)
was used for pairwise comparisons between the four groups. The HSD also gave 95%
simultaneous confidence intervals for all pairwise differences. We then used the same
method to analyze the transformed data for the gel (again with 15 observations per group).
One of the 10-cycle exposure cases had 4.8-1og10 CFUs for the mesh, an order of magnitude
more than any of the other exposures, including the lower energy exposures of 3 and 5
cycles. To see how this observation affected our analysis results, we used one-way ANOVA
and the HSD to analyze the other 59 observations. The plot of residuals versus predicted
values and the normal probability plot of the residuals indicate that the model in all three
cases is adequate.

E. Ultrasound Treatments for Collateral Damage Assessment

In addition to assessing each treatment in terms of efficacy, we also quantified the damage
done to the gel near the mesh. These measurements were done independently of the biofilm
treatments as both the variability in treatment dimensions and the variability in scraping the
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gel would impact our results. Therefore, for these measurements, mesh samples without
biofilms were placed in the gel pads as had been done previously. However, since cross
contamination was not a concern and the gel pads were relatively large relative to the mesh
samples, two mesh samples were placed in each gel pad. The focus of the ultrasound therapy
transducer was then aligned with each mesh sample, and a square raster scan was performed
with dimensions of 5.25 mm on a side with a step-size of 750 xm for tone bursts of 3, 5, and
10 cycles. The sham exposure was not included as no damage was observed for the sham
exposures in any of the biofilm treatments. The scans were centered at the middle of the gel
pads based on the alignment exposures. Since the mesh samples were 10 mm x 10 mm,
using a scan smaller than the mesh avoided any edge effects.

Following the treatments, the gel pads were cut to isolate the mesh samples. The meshes
were then removed and the gel pads were rinsed to remove any debris similar to our earlier
work [33, 41-43, 45]. This left relatively square holes in the mesh samples. The lateral
dimensions of the holes were measured by calipers while the volume was measured by
filling each hole with water until it overflowed similar to our earlier studies. The experiment
was repeated 5 times for each exposure condition.

A. Bacteria Viability

The results for the number of CFUs remaining on the mesh for each of the treatment settings
are shown in Figure 4.

The number of CFUs remaining on the mesh for the sham exposure was 4.8+0.9-l0g1¢
(sample mean + sample standard deviation-logqg of 15 observations) which was statistically
significantly different from the 3-cycle (1.9+1.5-log4g), 5-cycle (2.2+1.1-logyg), and 10-
cycle exposures (0.97+1.5-logy) with an average reduction in the number of CFUs of 3.1-
logyg. None of the treated exposures were statistically different from each other due to the
large variability in the results.

The numbers of CFUs released onto the gel for the sham and exposure cases are shown in
Figure 5. These numbers are the same within a bound of 0.86-log1g; that is, Tukey’s 95%
simultaneous confidence interval for each pairwise difference was contained within (-0.86,
0.86). However, even if all of the bacteria on the mesh were to be released into the gel, this
would only increase the number of CFUs by 0.54-log;g based on the sham results due to the
large number of CFUs on the gel relative to the mesh. Therefore, we cannot conclusively
claim that the number of CFUs on the gel is not increased by the exposures. Hence, we may
be releasing the bacteria from the biofilm without killing them.

B. Assessment of Gel Damage

An example of the hole left in the gel following the exposures and rinsing to remove debris
is shown in Figure 6.

The hole is relatively square with pits visible in a regular pattern along the bottom. The
volume of the holes left in the mesh following the exposures is shown in Figure 7.

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bigelow et al.

Page 8

These volumes represent only the destruction of the gel structure for the portion of the gel
pad in front of the mesh (between the mesh and the transducer) as none of the samples had
any perceivable damage behind the mesh. There is a clear and statistically significant
increase in lesion volume with increasing acoustic cycles in the tone burst. This increase in
lesion volume directly corresponds to an increase in volume depth as the lateral dimensions
of the lesion do not change significantly with pulse duration as is shown in Figure 8.

These results agree with prior studies on the dependence histotripsy lesion dimension on
tone burst duration [33, 35, 36].

V. Discussion

In this study, we successfully achieved a reduction of the number of CFUs in our S. aureus
biofilms by three orders of magnitude (3.1-logqg). As a comparison, the FDA definition of
high-level disinfection is a reduction in CFUs by 6 orders of magnitude (6-log1q). However,
achieving this level of disinfection is very difficult even ex vivo. For example, an initial
cleaning of endoscopes typically only yields a 4-logyq reduction in the number of CFUs with
a 6-logg reduction only being achieved after an additional soaking in high-level disinfectant
for ~20 minutes [47, 48]. Ex vivodirected energy methods such as microwave also typically
exhibit a 3-logyq to 4-logqg reduction in CFUs with some tests only showing a reduction of
only 2-logyg and others achieving the desired 6-1og,q reduction [49-51]. Therefore, our
technique of using ultrasound histotripsy continues to show promise even though we have
not yet consistently achieved the 4-log10 reduction that was observed in our earlier studies.
However, partial treatment of the biofilm is concerning as it could exasperate the problem in
vivo. Therefore, additional /n7 vitro studies are needed to find more effective exposure
parameters.

When assessing the data from the CFUs surviving on the mesh, there was some concern over
the number of CFUs counted for one of the 10-cycle exposures which had 4.8-log;g CFUs.
This was an order of magnitude more than any of the other exposures including the lower
energy exposures of 3 and 5 cycle. While we are not aware of any reason to reject this data
point, its large difference from the other cases is suspicious given the small possibility of
contamination or even misalignment in the experiments. If this outlier is excluded from the
analysis, the number of CFUs for the 10-cycle exposures is 0.7+1.2-log,¢ which is
significantly different from the 3 and 5-cycle exposures. Therefore, the 10-cycle exposures
might be better than the other exposures at reducing the number of CFUs on the mesh.
However, it is associated with the potential for much more collateral damage.

We may be able to enhance the destruction of the biofilm by using a smaller step size to
ensure that all fibers of the mesh are adequately treated. We noticed that when aligning the
focus of the ultrasound transducer on the mesh, it was easier to exactly target the mesh fibers
when moving with a finer step size as was evidenced by larger amplitudes on the pulse/echo
signal. Therefore, reducing the step size may ensure that every fiber is directly targeted.
Smaller step sizes, however, will lengthen the treatment time provided the exposure time at
each location remains the same. This is why we used the 750 um steps for this study. Our
prior work on ultrasound histotripsy treatment varied the step size when performing
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generalized tissue destruction [45], but a similar study has not been conducted for the
treatment of bacteria biofilms. However, smaller step sizes may allow for fewer therapy
bursts (i.e., shorter exposure time) at each treatment location as has been shown in other
studies [44, 45]. A smaller step size may also reduce the variability in our mesh treatments
(Figure 4) as the location of the individual mesh fibers relative to the beam profile may have
resulted in varying levels of exposure effectiveness.

One limitation of our study is that we were not able to ascertain the fate of bacteria released
from the biofilm as the result of our exposure. The sham and treatment exposures did not
have a statistically different number of bacteria on the gel, but the confidence interval was
too large to claim that they were the same. Hence, we may be releasing the bacteria from the
biofilm without Killing them. This possibility is doubtful given the fragmentation of
microalgae that was observed in some of our earlier studies [52, 53], but we cannot make the
claim of bacteria killing from this study. Instead, all we can conclusively say is that the
biofilms have been disrupted by our therapy while our hypothesis continues to be that the
bacteria are destroyed and not just released. Testing of this hypothesis in our present study
was confounded by the large number of bacteria spontaneously released from the biofilm,
even for the sham exposures. On average, only 34% of the total number of CFUs (mesh+gel)
remained on the mesh following the sham treatments. Given that released bacteria could
easily migrate from an untreated region to a region where the histotripsy treatment has
already been completed without crossing the current treatment zone means that many of the
bacteria on the gel could have been completely missed by the ultrasound exposures.

As we look forward to moving towards clinical implementation, the two most critical
aspects are improving the effectiveness of biofilm destruction on the mesh and reducing the
required treatment time. The treatment of 1 cm? of mesh takes about 50 minutes. Therefore,
the 150 cm? meshes used clinically would take ~125 hours doing a basic raster scan. One
solution that has been implemented in histotripsy applications is to use an array transducer
which sends a therapy pulse to different spatial regions rather than turning the source off
between the tone bursts. Given that the duty cycle is on the order of 0.1% this could
theoretically result the therapy being performed 1000x faster. In practice, the improvement is
not as dramatic due to heating concerns of the intervening tissue layers.

V. Conclusion

In this study, we successfully demonstrated an average reduction of 3.1-logq in the number
of CFUs for S. aureus biofilms grown on mesh samples. The largest reduction was achieved
for the 10-cycle tone burst exposures with a reduction of 3.8-log1g. However, this reduction
was not statistically significantly different from the 3-cycle tone burst exposures, and the 10-
cycle exposures resulted in approximately six times as much collateral damage to our tissue
mimic. Therefore, the 3-cycle tone burst is probably the best treatment option moving
forward. Even if the 10-cycle exposures were statistically significantly better, there may be
other ways to make-up the 1-logqg reduction in CFUs while achieving less collateral tissue
damage. There was not a statistically significant change in the number of CFUs on the gel
following the ultrasound exposures with the variability in the CFUs and the large number of
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bacteria released into gel making it difficult to determine if the bacteria were Killed or
released when the biofilm was destroyed.
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Fig. 1.
Image of Polypropylene mesh sample used in the experiments.
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The experimental set-up utilized when (a) aligning the focus of the ultrasound transducer on
the mesh sample, and (b) exposing the the mesh samples to the high-intensity tone bursts.

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2018 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Bigelow et al. Page 18

1
<
—

I
<
—

Pressure (MPa)
Q
Pressure (MPa)
<

O
o
N

034 86 88 90 86 88 90
Time (us) Time (us)

Fig. 3.
Pulses used to align the focus of the therapy transducer on the mesh corresponding to a (a) 4

J and (b) 2 14 excitation voltage spike from the Panametrics 5900.
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Log,,(CFU Count+1) for Mesh

Sham 3 cycles 5cycles 10cycles

Fig. 4.

Count of CFUs surviving on the mesh sample following the treatment as a function of the
number of cycles in the tone burst used to treat the biofilm on the mesh. The error bars
correspond to one standard deviation.
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Fig. 5.

Count of CFUs surviving on the gel pads following the treatment as a function of the
number of cycles in the tone burst used to treat the biofilm on the mesh. The error bars
correspond to one standard deviation.
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Fig. 6.
Example image showing damaged gel sample after rinsing of debris. This example was for a

5-cycle exposure. The square lesion shape with regular pitting in the bottom is visible.
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Fig. 7.
Volume of gel damaged by treatment as a function of the number of cycles in the tone burst

used to treat the biofilm on the mesh. The error bars correspond to one standard deviation.
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Fig. 8.

Cross-Sectional area of gel damaged by treatment as a function of the number of cycles in
the tone burst used to treat the biofilm on the mesh. The error bars correspond to one
standard deviation.
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