Electrical and Computer Engineering Publications

Electrical and Computer Engineering

2018

Impact of High-Intensity Ultrasound on Strength of
Surgical Mesh when Treating Biofilm Infections
Timothy Bigelow
Iowa State University, bigelow@iastate.edu

Clayton L. Thomas
Iowa State University, clthomas@iastate.edu

Huaiqing Wu
Iowa State University, isuhwu@iastate.edu

Kamal M.F. Itani
Boston University and Harvard Medical School

Follow this and additional works at: https://lib.dr.iastate.edu/ece_pubs
Part of the Biology and Biomimetic Materials Commons, Biomechanical Engineering Commons,
and the Biomedical Commons
The complete bibliographic information for this item can be found at https://lib.dr.iastate.edu/
ece_pubs/202. For information on how to cite this item, please visit http://lib.dr.iastate.edu/
howtocite.html.
This Article is brought to you for free and open access by the Electrical and Computer Engineering at Iowa State University Digital Repository. It has
been accepted for inclusion in Electrical and Computer Engineering Publications by an authorized administrator of Iowa State University Digital
Repository. For more information, please contact digirep@iastate.edu.
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Treating Biofilm Infections
Abstract

The use of cavitation-based ultrasound histotripsy to treat infections on surgical mesh has shown great
potential. However, any impact of the therapy on the mesh must be assessed before the therapy can be applied
in the clinic. The goal of this study was to determine if the cavitation-based therapy would reduce the strength
of the mesh thus compromising the functionality of the mesh. First, S. aureus biofilms were grown on surgical
mesh samples and exposed to high-intensity ultrasound pulses. For each exposure, the effectiveness of the
therapy was confirmed by counting the number of colony forming units (CFUs) on the mesh. Most of the
exposed meshes had no CFUs with an average reduction of 5.4-log10 relative to the sham exposures. To
quantify the impact of the exposure on mesh strength, the force required to tear the mesh and the maximum
mesh expansion before damage were quantified for control, sham, and exposed mesh samples. There was no
statistical difference between the exposed and sham/control mesh samples in terms of ultimate tensile
strength and corresponding mesh expansion. The only statistical difference was with respect to mesh
orientation relative to the applied load. The tensile strength increased by 1.36 N while the expansion was
reduced by 1.33 mm between the different mesh orientations.
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Impact of High-Intensity Ultrasound on
Strength of Surgical Mesh when Treating
Biofilm Infections
Timothy A. Bigelow, Member, IEEE, Clayton L. Thomas, Huaiqing Wu, and Kamal MF. Itani

Abstract— The use of cavitation-based ultrasound histotripsy to
treat infections on surgical mesh has shown great potential.
However, any impact of the therapy on the mesh must be assessed
before the therapy can be applied in the clinic. The goal of this
study was to determine if the cavitation-based therapy would
reduce the strength of the mesh thus compromising the
functionality of the mesh. First, S. aureus biofilms were grown on
surgical mesh samples and exposed to high-intensity ultrasound
pulses. For each exposure, the effectiveness of the therapy was
confirmed by counting the number of colony forming units (CFUs)
on the mesh. Most of the exposed meshes had no CFUs with an
average reduction of 5.4-log10 relative to the sham exposures. To
quantify the impact of the exposure on mesh strength, the force
required to tear the mesh and the maximum mesh expansion
before damage were quantified for control, sham, and exposed
mesh samples. There was no statistical difference between the
exposed and sham/control mesh samples in terms of ultimate
tensile strength and corresponding mesh expansion. The only
statistical difference was with respect to mesh orientation relative
to the applied load. The tensile strength increased by 1.36 N while
the expansion was reduced by 1.33 mm between the different mesh
orientations.
Index Terms—Ultrasound Therapy, Histotripsy, Biofilm
Infection

I. INTRODUCTION

N

UMEROUS new implantable medical devices continue to
be developed with significant potential to revolutionize
medical care. However, any time a new device is
implanted, there is the risk of infections on the device. While
proper surgical techniques can greatly reduce the risk of
infection, surgical site infections (SSIs) still occur in alarming
numbers. While some of these infections can be effectively
treated by antibiotics, the implant can serve as a prime location
for a bacteria biofilm. Bacteria biofilms are local communities
of bacteria encased in a protective extracellular polymeric
substance that are highly resistant to antibiotics [1]. Bacteria in
the biofilm are also protected from antibodies [2, 3] and
Manuscript received September 20, 2018; accepted November 12, 2018.
This research was supported by National Institutes of Health (NIH) grant
number R21EB020722.
T. A. Bigelow is with the Center for Nondestructive Evaluation, Iowa State
University, Ames, IA 50011 (e-mail: bigelow@iastate.edu).
C. L. Thomas is with the Center for Nondestructive Evaluation, Iowa State
University, Ames, IA 50011 (e-mail: clthomas@iastate.edu).

phagocytes [4, 5]. When bacteria biofilms are attached to an
implant, the only treatment option is often the complete
removal and replacement of the implant. Otherwise, the
implant will continue to serve as a source of infection and may
even lead to the development of antibiotic-resistant strains [6].
High-intensity focused ultrasound has already shown
potential for non-invasively treating bacteria biofilms by using
cavitation to disrupt the structure of the biofilm. Once the
biofilm has been destroyed, any surviving planktonic bacteria
will be susceptible to traditional antibiotic treatment. Prior
studies successfully destroyed Escherichia coli (E. coli),
Pseudomonas aeruginosa (P. aeruginosa), and Staphylococcus
aureus (S. aureus) biofilms [7-10].
E. coli was selected as the first biofilm for test due to its
prevalence in catheter-related infections [11]. For the E. coli
experiments, the biofilms were grown on glass slides and
exposed to pulses at different pressure levels using a 1.1 MHz
spherically focused source [7]. The study found a threshold of
10 to 12 MPa for the rarefactional pressure for biofilm
destruction with a typical reduction of 4-log10 colony forming
units (CFUs). As a comparison, high-level disinfection is
defined by the FDA as a reduction in CFUs by 6-log10.
However, this level of bacteria destruction is difficult to achieve
even ex vivo. For example, a basic cleaning of endoscopes
typically only yields a 4-log10 reduction in CFUs with
additional soaking in high-level disinfectant for ~20 minutes
needed to achieve a 6-log10 reduction [12, 13].
P. aeruginosa was selected for the second study due to its
general resistance to antibiotic treatment, and for its major
contribution to nosocomial infections [8]. P. aeruginosa had
also proven resilient to a non-cavitation based ultrasound
treatment that attempted to use very long ultrasound exposures
to enhance antibiotic diffusion into the biofilm [14]. For this
experiment, the biofilms were grown on Pyrolytic graphite
plates. The biofilms were then either exposed to a sham
exposure or a series of 13 MPa tone bursts. The experiment
varied the exposure duration at each location from 5 to 30
seconds and the period between the tone bursts from 1 to 12 ms.
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The percent of live and dead bacteria on the plate was then
determined by an epifluorescence microscopy image of the
surface.
More recently, the studies have focused on treating S. aureus
biofilms on surgical mesh samples [9, 10] due to the prevalence
of S. aureus infections following hernia repair [15-17].
Infections on surgical mesh are one of the most significant
complications and require mesh removal ~70% of the time with
a significant risk of hernia reoccurrence following mesh
removal [15-19]. The studies varied the tone burst duration as
well as the step-size/scan speed utilized to expose the mesh.
The reduction in CFUs relative to the sham exposures varied
from 2.6-log10 to 4.3-log10 depending on the exposure
conditions. These studies also quantified the level of collateral
damage to healthy tissue in the vicinity of the mesh as a function
of tone-burst duration.
In addition to damaging the bacteria biofilm, cavitation can
also potentially damage the implant. Inertial cavitation near
boundaries has an increased potential for damage due to the
formation of microjets [20-22]. Microjets form due to the
asymmetric collapse of the bubbles and can be used to erode
metals [23-25]. However, the microbubble needs to be fairly
close to the boundary (~ maximum bubble radius during bubble
expansion) before a significant microjet can form. A material’s
resistance to microjet damage can be quantified to some extent
by the indentation fracture toughness [26]. However, multiple
factors play a role including surface roughness and the acoustic
impedance of the material [27]. Therefore, it is often best to
compare the materials experimentally.
The goal of this study was to determine if the cavitation
activity in the vicinity of the mesh responsible for the biofilm
destruction was negatively impacting the strength of the mesh.
Since the purpose of the surgical mesh is to provide structural
support during healing, compromising the strength of the mesh
could result in hernia re-occurrence. Therefore, for this study,
we used slightly longer exposures than our previous studies and
measured the force required to tear the mesh for control, sham,
and exposed mesh samples. We also measured the maximum
change in dimension prior to mesh damage during tensile
testing of the mesh.
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modulus was linked to the expansion of the bubble cloud in the
material [34]. Therefore, the modulus is valid for assessing the
risk of damage to the soft tissue but not to the implant.
After insertion, the gel pad with the mesh was placed inside
an aluminum holder inside a water tank. The focus of the
ultrasound transducer was then aligned on the mesh sample
using a low-power signal from a pulser-receiver (Panametrics
5900, Olympus Corporation, Tokyo, Japan) as was done
previously [9, 10]. The mesh samples were then exposed to
either a sham exposure or a series of high-intensity ultrasound
pulses.
For the exposures, the ultrasound transducer was
continuously scanned in the horizontal direction while stepped
in the vertical direction to sweep the focus of the transducer
over the entire plane of the mesh similar to our earlier studies
[10]. For this study, the step size was 400 μm (0.3 beam widths)
and the scan speed was 0.3 mm/sec (0.23 beam widths/sec)
where the –3dB beam width (BW) of the transducer was
measured as 1.3 mm using a wire target. The focus was passed
over the mesh 4 times for each exposure. For the sham
exposures, the placement and scan of the mesh was the same,
but the high-intensity ultrasound was left off during the scan.
The ultrasound transducer used in the study was a custom
spherically focused transducer with an outer diameter of 82 mm
and a focal length of 63.6 mm (H-184, Sonic Concepts Inc.,
Bothell, WA). The transducer also had a 39.9 mm hole to allow
for the placement of an imaging probe for future in vivo
experiments. For this study, the transducer was excited by a 3cycle tone burst at 0.9 MHz with a 500 Hz pulse repetition
frequency (PRF).
The pulses were generated by a
programmable function generator (Agilent 33220A, Santa
Clara, CA) and then amplified by a high-power pulse amplifier
(GA-2500A Gated RF Amplifier, Ritec Inc., Warwick, RI)
before being sent to the transducer through a matching network
as shown in Figure 1.

II. METHODS
A. Ultrasound Exposure Conditions
For the ultrasound exposures, 10 mm x 10 mm Polypropylene
mesh samples (PPKM301, Surgical Mesh Division, Textile
Development Associates Inc., Brookfield, CT) were inserted
into Aquaflex Ultrasound Gel Pad Standoffs (Parker
Laboratories Inc., Fairfield, NJ) as was done in our prior studies
[9, 10]. The gel pads serve as easily reproducible sterile tissue
mimics as they have approximately the same elastic modulus,
~53 kPa, as abdominal muscle [28-30]. The level of damage to
soft tissue is directly related to the elastic modulus and therefore
is the most important parameter when identifying an
appropriate tissue mimic in histotripsy experiments [31-36].
The Young’s modulus for polypropylene (material used for
mesh fibers) is on the order of 1.1 to 1.7 GPa. However, prior
studies showed that the damage that was dependent on the

Fig. 1. The set-up utilized for the experiments when exposing the mesh
samples to the high-intensity tone bursts.

Accurately measuring the pressure levels of high-intensity
therapeutic ultrasound fields is challenging due to the
production of inertial cavitation at the tip of the hydrophone
potentially damaging the hydrophone. In addition, spatial
averaging of the higher harmonics due to finite hydrophone size
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can introduce errors in the field measurements, especially for
the measurement of the peak-compressional pressure [37-39].
Therefore, a better approach is to measure the field away from
the focus and then model the wave propagation at the focus
using numerical methods [40-42]. In this work, the ultrasound
waveforms were first measured on a plane perpendicular to the
beam axis 15 mm in front of the focus using a capsule
hydrophone (ONDA HGL-0200, Onda Corporation,
Sunnyvale, CA). The waveforms were then input into K-Wave
(http://www.k-wave.org/index.php) to find the fields in the
focal region. K-Wave is a free MATLAB tool box that
computes nonlinear propagation of ultrasound waves using a
generalized form of the Westervelt equation [43].
In order to avoid running out of memory, the modelling was
broken down into two regions. The first region extended from
the measurement plane to 5 mm in front of the focus (10 mm
depth) while the second region went from 5 mm in front of the
focus to 5 mm past the focus (10 mm depth). The width and
height of the regions as measured perpendicular to the beam
axis were 36.4x36.4 mm for the first region and 14.2x14.2 mm
for the second region. This corresponds to the beam radius for
which the peak-peak pressure levels were within 20 dB of their
maximum value. The mesh size and time step for the first
region were 41.3 μm and 8.33 ns respectively, which
corresponds to supporting 20 harmonics in k-wave. Likewise,
the mesh size and time step for the second region were 20.6 μm
and 4.17 ns respectively, corresponding to 40 harmonics in kwave. The propagation medium in k-wave was water and had
a sound speed of 1485 m/s, a density of 998 kg/m3, and an
attenuation of 0.0023 dB/(MHz2-cm). The sound speed was
based on a measurement of water temperature obtained during
the hydrophone scan of the field.
While the method of combining measurement and modelling
for calibrating highly nonlinear ultrasound fields is relatively
well established, this was the first time our lab used this exact
approach. Previously, we solved for the fields using a more
limited Khokhlov-Zabolotskaya-Kuznetsov (KZK) based code
that assumed continuous rather than pulsed excitation and was
only valid for spherically focused transducers [8, 31, 44, 45].
Therefore, we needed to validate the accuracy of our new
approach as has been done by other investigators [40-42].
Specifically, we measured the fields in the pre-focal plane at a
lower excitation level for the transducer and compared the
numerical results to the field measurements with the
hydrophone placed at the focus. The fields were sufficiently
low as to not induce cavitation and damage the hydrophone.
The measured and modelled time domain waveforms for the
lower excitation are shown in Figure 2.
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Fig. 2. Validation of combined measurement/modeling approach by
comparing modeled waveforms with waveforms at the focus measured by a
hydrophone at low transducer excitation.

There is agreement to within 1.6% for the peak rarefactional
pressures and to within 6.5% for the peak compressional
pressures.
Therefore, our combined measurement and
modelling approach is reasonably accurate when calibrating the
ultrasound fields. The pressure waveform for the therapy
excitation at the location of maximum rarefactional pressure is
shown in Figure 3 while the maximum rarefactional and
compressional pressures in the focal region were 9.2 MPa and
23.7 MPa respectively. These pressure values would be
increased upon reflection from the mesh fibers.
B. Biofilm Preparation and Processing
Since the ultrasound exposure conditions were slightly
different from our prior studies [9, 10], bacteria biofilms were
grown on 16 of the mesh samples (8 exposed and 8 sham) to
quantify the destruction of the biofilm at our new exposure
level. To grow the biofilms, Staphylococcus aureus subsp.
Aureus (ATCC® 25923™) was cultured on the mesh samples
for 6 days at 37°C. On the first day, the mesh samples were
placed in 20 ml of tryptic soy broth (TSB) that had been
inoculated by 20 μl of stationary phase bacteria. On the
subsequent days, the mesh was moved to a fresh 20 ml TSB
solution each day so that the bacteria would have ample
nutrients and thus continue to divide.

Fig. 3. Modelled waveform for high-intensity therapy pulse based on
measurements made in the pre-focal plane.
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After the exposure or sham, the mesh was removed from the
gel pad and briefly dipped in a tube of sterile phosphatebuffered saline (PBS) to remove any loose fragments. The
mesh was then placed in a 1.5 ml micro-centrifuge tube with
0.5 ml of sterile PBS. The micro-centrifuge tube was then
vortexed for one minute prior to being sonicated for two
minutes in a Symphony Ultrasonic Cleaner (1.9 L, VWR,
Radnor, PA). The tube was then vortexed for an additional
minute, sonicated for two minutes, and then vortexed again for
one minute. The sonication releases the bacteria from the mesh
without killing them while the vortexing disperses the bacteria
in the tube. After the last vortexing, 0.5 ml was removed from
the tube and serially diluted in sterile PBS at dilutions of 10-1,
10-2, 10-3, 10-4, and 10-5. Lastly, 100 μl of each dilution was
then plated on tryptic soy agar plates and incubated overnight
at 37oC.
After incubation, the number of CFUs on each plate was
counted. The plates that had counts between 30 and 300 were
then used to back calculate the total number of CFUs remaining
on the mesh. Counts in this range are used as a well accepted
rule of thumb in microbiology. Plates with fewer than 30
colonies may not give statistically reliable results, and plates
with more than 300 colonies can be too crowded to allow the
bacteria to form distinct colonies. If two different dilutions had
counts in the 30 to 300 range, the back-calculated values were
averaged. If no plates had counts in the desired range, the
dilution whose count was closest to 300 was used. However,
some of the exposures had no CFUs. After determining the
number of CFUs, the counts were translated into a log number
for comparison by calculating log10(count+1) as was done in
our earlier studies [9, 10].
C. Evaluation of Mesh Mechanical Properties
The potential impact of the ultrasound exposures on the
mechanical properties of the mesh was assessed using a FTS50X force test system (ABQ Industrial LP, The Woodlands,
TX). The 10 mm x 10 mm mesh samples were placed with a 5
mm gap between the clamps as shown in Figure 4.
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Fig. 4. Mesh samples in clamps of the force test system both before and after
the force has been applied.

A force was then applied perpendicular to the mesh by turning
a hand crank on the side of the test system that moved the
clamps apart. One of the clamps was attached to a digital force
gauge that provided the amount of force experience by the
mesh. The ultimate tensile strength for each mesh sample was
then given by the maximum force as read by the force meter.
Digital calipers also measured the separation of the clamps at
this force reading. Once the ultimate tensile strength was
exceeded, additional turns by the hand crank did not increase
the force and the individual mesh fibers began to break.
The weave of the mesh had two distinct orientations, A and
B, as shown in Figure 5.

Fig. 5. The two different mesh orientations tested in the study.

The tensile strength experiment was repeated 15 times for each
orientation for ultrasound exposed meshes, sham meshes, and
control meshes. The sham meshes were placed inside the gel
pad in the water tank for the same time as the exposed meshes
while the control meshes were tested after being freshly cut
from the mesh fabric. Therefore, a total of 90 meshes were
tested in this portion of the study.
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III. RESULTS
A. Mesh CFU Results
Figure 6 shows the number of CFUs remaining on the mesh
following the ultrasound and sham exposures. The number of
meshes that had any CFUs is also given on each bar, so only
half of the exposed meshes had any surviving CFUs. The
number of CFUs was 1.38±1.68-log10 and 6.80±0.68-log10 for
the exposed and sham meshes respectively. Therefore, the
average reduction in CFUs in the biofilm by the ultrasound
exposure was 5.41-log10.

Fig. 7. Ultimate tensile force on mesh for both mesh orientations for the
control, sham, and exposed mesh samples. The error bars correspond to one
standard deviation.

Fig. 6. Count of CFUs surviving on the mesh sample for both the exposed and
sham treatments. The error bars correspond to one standard deviation. The
numbers on each bar correspond to the number of repetitions for which CFUs
were found on the mesh.

B. Results of Mesh Mechanical Properties
In addition to quantifying the number of CFUs surviving on
the mesh samples, the impact of the ultrasound exposures on
the ultimate tensile strength and maximum strain was also
assessed. Figure 7 shows the ultimate tensile force for each of
the mesh orientations for the control, sham, and exposed
meshes. Similarly, Figure 8 gives the separation between the
clamps at the maximum stress for each exposure condition.
We analyzed the data for both the force and the distance
using two-way analysis of variance (ANOVA) and the JMP
software (Pro 14, the SAS Institute). Both datasets include 90
observations, 15 observations for each combination of
orientation (A or B) and exposure level (control, exposed, or
sham). Both models include the two factors (orientation and
exposure level) and their interactions. The plots of residuals
versus predicted values and the normal probability plots of the
residuals indicate that the models are adequate. For both the
force and the distance, orientation is the only statistically
significant effect. In particular, the average force for orientation
B is 1.36 N higher than that for orientation A (with a p-value of
0.024), and the average distance for orientation B is 1.33 mm
shorter than that for orientation A (with a p-value less than
0.0001).

Fig. 8. Clamp separation corresponding to ultimate tensile force on mesh for
both mesh orientations for the control, sham, and exposed mesh samples. The
error bars correspond to one standard deviation.

IV. DISCUSSION
In this study, the average reduction in CFUs on the mesh
following the ultrasound exposures was 5.4-log10 relative to the
sham exposures. As a comparison, our average reduction in
our earlier studies was 3.8-log10 with a reduction of 4.3-log10
for one of the exposure conditions [10]. The increased biofilm
destruction in our present study likely results from several
factors. First, when exposing the mesh, the scan speed was
slightly slower relative to the beam width than our earlier
studies. Previously, we used a 1.1 MHz transducer that at its
slowest moved at a speed of 0.4 mm/sec (0.33 beam widths/sec)
with a step of 350 μm (0.29 beam widths) between each row.
For this study, the 0.9 MHz transducer moved at a speed of 0.3
mm/sec (0.23 beam widths/sec) with a step size of 400 μm (0.3
beam widths). Secondly, the reduction in CFUs was likely
biased in our earlier study as most of the exposed mesh samples
had no CFUs. Since it is impossible to have a CFU count of
less than zero, the maximum average CFU reduction was the
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number of CFUs left following the sham exposures or 4.3-log10.
Given this limitation from our previous study, the number of
bacteria on each mesh was increased for this study by increasing
the biofilm growth period from 3 days to 6 days. This increased
the number of bacteria on the sham meshes from 4.3-log10 to
6.8-log10. Lastly, operating at a slightly lower frequency might
have had an impact; however, our peak rarefactional pressures
were also lower in the present study.
Based on our results, the ultrasound exposure had no impact
on the mechanical properties of the mesh. The maximum
tensile force and corresponding strain were not statistically
different between the different exposures. The only statistical
difference identified was with respect to mesh orientation. This
was not unexpected as the manufacturer of the mesh reported
that the ultimate tensile strength of the fabric as well as the
percent elongation was different for the different mesh
orientations. It was not possible to directly compare our
strength and elongation numbers with the manufacturers
numbers; however, as the measurements made by the
manufacturer were made based on ASTM Standard D-5034
which requires 150 cm2 of fabric for the test. Our test samples
were 1 cm2. Exposing significantly larger mesh samples to
ultrasound was not possible using our mechanically scanned
single element transducer due to the scan time required.
However, our goal was to conduct a relative comparison of
mesh strength between sham, control, and exposed mesh
samples. Therefore, increasing the mesh size would have only
lengthened the exposure without providing any new
information to answer our research question.
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V.

CONCLUSION

The results of this study continue to confirm the capability of
high-intensity ultrasound to destroy bacteria biofilms. The
average reduction in CFUs of 5.4-log10 is approaching the FDA
definition for high-level disinfectant of 6-log10. Also, this level
of biofilm destruction was achieved at lower incident pressures
than those used in our earlier S. aureus experiments [9, 10], as
we chose to operate much closer to the cavitation threshold
found in our earlier E. coli experiments [11]. Achieving these
slightly lower pressure levels in vivo will be easier, improving
the likelihood of clinical translation. In addition, the ultrasound
exposure does not significantly reduce the strength or elastic
properties of the mesh. Therefore, it should be possible to treat
the bacteria biofilm on the surgical mesh in vivo without
compromising the structure and function of the mesh in the
future.
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