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Abstract

Author Manuscript

Biofilm formation is a significant problem, accounting for over eighty percent of microbial
infections in the body. Biofilm eradication is problematic due to increased resistance to antibiotics
and antimicrobials as compared to planktonic cells. The purpose of this study was to investigate
the effect of Pulsed Electric Fields (PEF) on biofilm-infected mesh. Prolene mesh was infected
with bioluminescent Pseudomonas aeruginosa and treated with PEF using a concentric electrode
system to derive, in a single experiment, the critical electric field strength needed to kill bacteria.
The effect of the electric field strength and the number of pulses (with a fixed pulse length
duration and frequency) on bacterial eradication was investigated. For all experiments, biofilm
formation and disruption were confirmed with bioluminescent imaging and Scanning Electron
Microscopy (SEM). Computation and statistical methods were used to analyze treatment
efficiency and to compare it to existing theoretical models. In all experiments 1500 V are applied
through a central electrode, with pulse duration of 50 μs, and pulse delivery frequency of 2 Hz.
We found that the critical electric field strength (Ecr) needed to eradicate 100–80% of bacteria in
the treated area was 121 ± 14 V/mm when 300 pulses were applied, and 235 ± 6.1 V/mm when
150 pulses were applied. The area at which 100–80% of bacteria were eradicated was 50.5 ± 9.9
mm2 for 300 pulses, and 13.4 ± 0.65 mm2 for 150 pulses. 80% threshold eradication was not
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achieved with 100 pulses. The results indicate that increased efficacy of treatment is due to
increased number of pulses delivered. In addition, we that showed the bacterial death rate as a
function of the electrical field follows the statistical Weibull model for 150 and 300 pulses. We
hypothesize that in the clinical setting, combining systemic antibacterial therapy with PEF will
yield a synergistic effect leading to improved eradication of mesh infections.

Keywords
biofilm; treatment of mesh infection; pulsed electric fields; medical device disinfection;
eradication of multidrug resistant infections; irreversible electroporation
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Mesh infection is an example of a type of implant infection where surgical removal and
debridement can result in significant morbidity for patients. Two million Americans undergo
abdominal surgery annually with a postoperative incisional hernia rate of 10–23 percent.
About 400,000 ventral hernia repairs are performed each year in the United States alone,
with reported hernia recurrences in 40–50 percent of cases. Synthetic mesh reinforces hernia
repairs and has been shown to decrease recurrences compared to primary repair alone.
However, morbidities related to mesh infection can limit efficacy. Reported mesh infection
rates range from 4–16 percent (Albino et al., 2014). Known mesh complications include
infection requiring prolonged antibiotic coverage, surgical debridements, and mesh
explantation. Postoperative mesh infections requiring debridement and mesh explantation
continue to be devastating problems for patients and a reconstructive challenge for surgeons.

Author Manuscript

Synthetic mesh is currently the most common repair material used for reinforcement of
ventral hernias. For this reason, prolene mesh was selected in this study. Multiple pathways
may lead to infection of synthetic mesh. Patients may have an acute postoperative mesh
infection, or dehiscence of the wound may expose the mesh, leading to colonization, and
infection of the prosthesis. Reoperation through synthetic mesh may also lead to infection.
Additionally, seromas that develop may become infected, leading to subsequent
contamination, and removal of the prosthesis (Breuing et al., 2010).

Author Manuscript

Antibiotics alone are not an effective treatment for mesh infections. The bacteria that
commonly infect mesh are Methicillin-Resistant Staphlococcus aureus (MRSA),
Enterococcus faecalis, Escherichi coli, Proteus mirabilis, Prevotella bivia, and Pseudomonas
aeruginosa (Albino et al., 2014). In this study, we showed that Pulsed Electric Fields (PEF)
can disinfect the mesh from P. aeruginosa infection. P. aeruginosa is a Gram-negative rod
measuring 1–5 μm long and 0.5–1.0 μm wide, containing one or more flagella. P.
aeruginosa forms biofilms through producing and excreting exopolysaccharides (EPS) such
as alginate, which makes it difficult for the bacteria to be phagocytosed by a patient’s white
blood cells. In vitro, P. aeruginosa biofilms consist of microcolonies encapsulated by EPS,
in which the biofilm is comprised of water channels that function as a distribution system for
oxygen and nutrients (Costerton et al., 1995). P. aeruginosa can form biofilms on virtually
any surface under any environmental or nutritional conditions (Sandt et al., 2007). For the
above reasons, the virulent P. aeruginosa, was selected as the target for this study.
Biotechnol Bioeng. Author manuscript; available in PMC 2017 March 01.
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The formation of biofilm is a significant medical problem, accounting for over eighty
percent of microbial infections in the body (2002-12-20). Control of biofilm persistence and
growth is problematic due to increased resistance to treatment with antibiotics as compared
to planktonic cells (Davies and Marques, 2009). Bacterial infections that exist as single
independent cells are referred to as planktonic, and are generally treated with antibiotics
depending on fast and accurate diagnoses (Bjarnsholt, 2013). In contrast, a biofilm is an
accumulation of microorganisms embedded in a polysaccharide matrix, which adheres to a
biologic or non-biologic surface. The matrix of extracellular polymeric substances (EPSs)
has an essential role in defining the cohesiveness and other physical properties of these
adherent microbial communities (Xavier et al., 2005). Additionally, biofilm growth
increases the opportunity for gene transfer between bacteria, therefore further perpetuating
antibiotic resistance (2002-12-20).

Author Manuscript

Techniques for promoting biofilm detachment with chemical and enzymatic agents that
attack the EPS matrix have been investigated with variable and overall disappointing results
(Chen, 2000; Xavier et al., 2005). As there is no effective treatment for biofilm infections,
the gold standard treatment is mechanical removal of the infected material and/or tissue.
Mechanical removal is not always possible without risk of serious complications
(Bjarnsholt, 2013). If the biofilm infected material cannot be removed, the patient is placed
on chronic suppressive antibiotics, therefore requiring several different antibiotics at high
doses for an extended period of time (Hoiby et al., 2010). This may induce further
resistance, tolerance, and eventually chronic infection (Jolivet-Gougeon et al., 2011).
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Therefore, new non-antibiotic based interventions are needed to address biofilm infections
and reduce emerging bacterial resistance to multiple drugs. Here we propose PEF as a novel,
non-chemical, non-thermal tool to potentially eradicate biofilm on implanted medical
devices. This PEF approach may avoid costly treatments such as reoperation to remove
infected material, and reduce subsequent morbidity, recurrence, life-long high dose
antibiotic regimens, and decreased quality of life.

Author Manuscript

High voltage, microsecond pulsed electric fields create nonthermal pores in cell membranes.
This phenomenon is called electroporation. Electroporation based technologies are very
attractive for various cell therapies. Electroporation can be reversible or irreversible
(Yarmush et al., 2014). Reversible electroporation is commonly used for gene or drug
delivery into cells (Golberg and Yarmush, 2013). Reversible electroporation has medical
applications in electro-chemotherapy and gene-electrotherapy (Manca et al., 2013; Mir et al.,
2006; Sersa et al., 2008) for the delivery of small molecules and genes to modify tissue
function. Irreversible electroporation is created though the use of high voltage, short PEF
which create nonthermal permanent damage to cell membranes. Irreversible electroporation
is used for direct, non-thermal ablation of solid tumors (Neal et al., 2011): a procedure
known as non-thermal irreversible electroporation (NT-IRE) (Golberg, 2013). In another
application, intermittent delivery of PEF has been shown to provide long term control of
bacterial contamination in pharmaceuticals and food (Golberg, 2015; Weaver, 2000).
Our group has previously used PEF for disinfection of murine burn wounds contaminated
with antibiotic-resistant Acinetobacter baumannii (Golberg et al., 2014a,b). Now, we report
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on a method to optimize PEF for device/implant disinfection. Determination of electric
fields parameters even in vivo is a tedious task, usually requiring multiple experiments. In
this study, to test the effect of PEF for disinfection of synthetic mesh, we used a concentric
ring configuration (Fernand et al., 2012) to determine the ideal electric field strength needed
to eradicate bacteria and produce biofilm disruption. This specific configuration of
concentric electrodes allows rapid testing of the effects of multiple electric fields in a single
experiment. Subsequently, we investigated the effect of the electric field strength and
number of pulses delivered, on bacterial survival and biofilm morphology in vitro, using a
tissue phantom model of infected mesh embedded in agarose gel.

Author Manuscript

Although appreciated for four decades as an effective tool for bacterial disinfection in the
food industry (Golberg et al., 2010), PEF technology has yet to be investigated in the
treatment of prosthetic implant infections. This new application of PEF to biofilms provides
a possible treatment for biofilm infections that avoids the morbidity and complications
associated with removal of infected material and chronic high-dose antibiotics.

Methods
Bacterial Culture

Author Manuscript

Sterile nonabsorbable synthetic prolene mesh (Ethicon, CA) was infected with the
pathogenic Gram-negative bacterium Pseudomonas aeruginosa that had been rendered
bioluminescent. The P. aeruginosa strain employed was ATCC 19660 (strain 180). It can
cause septicemia by intraperitoneal injection (Rosenthal, 1967) and is pathogenic in mice
with infected cutaneous burns (Markley and Smallman, 1968). The bioluminescent variant
(strain Xen 05) carried the integrated bacterial lux operon into its chromosomes for stable
bacterial luciferase expression, which allowed them to be used for bioluminescent imaging
(Rocchetta et al., 2001) (strain Xen 05, kind donation from Xenogen Inc., Alameda, CA).
A colony of bioluminescent Pseudomonas aeruginosa was then placed in a 50 mL falcon
tube with prolene mesh and 30 mL of brain heart infusion broth (BHI, purchased from
Fisher). This was agitated on a shaker at180 rpm for 30 min at room temparature and then
moved to a C24 Incubator Shaker (Brunswick Scientific) at 37°C with agitation at 100 rpm
for three days. After three days, the infected mesh were placed on sterile agar plates and
incubated overnight at 37°C, 5% CO2.
Single Step Determination of a Critical Local Electric Field Strength With Concentric Ring
Electroporation

Author Manuscript

Concentric ring electroporation as described by Fernand et al. (2012) was used, which
delivers a centrifugal gradient of disinfection from the center outwards to the periphery. The
center of the mesh, where the needle is in direct contact, receives the highest electric field
strength. This electric field strength, therefore, decreases in an outward direction from the
center to the outer rim. For concentric ring electroporation, the following equation is used to
solve for the local electric field strength E(r) at any given radius (r). In the system of
concentric electrodes, the field strength is a function of radius, and applied voltage (V)
according to the following equation (Fernand et al., 2012):
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(1)

where V1 is the voltage delivered through the central needle, V2 is the voltage at the external
ring, r is the radial distance of each point inside the treatment area from the center, R1 is the
radius of the needle, and R2 is the external ring radius.
Pulsed Electric Fields Disinfection of a Prolene Mesh

Author Manuscript

Regarding the experimental set-up of concentric ring electroporation, a one-dimensional
cylindrical system was used, with the diameter of the inner cylinder, represented by an 18gauge steel needle, measuring 1 mm, and the outer cylinder measuring 22 mm in diameter.
The needle was inserted through the center of the plastic in the middle of the brass ring
forming two concentric cylindrical electrodes. Alligator clips were attached to the brass ring
and the 18G needle. The system was placed on the mesh with the needle located at the
center of the mesh. The clips were hooked up to the BTX 830 pulse generator (Fig. 1a and
b) (Harvard Apparatus, Inc., Holliston, MA). The PEF parameters tested were: 1500 V (V1),
0 V (V2); 100, 150, and 300 pulses, at 50 μs pulse length duration and 2 Hz frequency. Three
pieces of mesh were treated per group for a total of nine pieces of mesh.
Pseudomonas aeruginosa Survival Detection with Bioluminescent Imaging

Author Manuscript

The bioluminescent imaging system (Hamamatsu Photonics KK, Bridgewater, NJ) consisted
of an intensified charge-coupled-device camera mounted in a light-tight specimen chamber
fitted with a light-emitting diode. In the photon-counting mode, an image of the light
emitted from the bacteria is captured by using an integration time of 2 min at a maximum
setting on the image-intensifier control module. Through the use of ARGUS software
(Hamamatsu), the luminescent image is presented as a false-color image superimposed on a
grayscale reference image. The image-processing component of the software calculates the
total pixel valves (in Relative Luminescence Units [RLU]) of the infected mesh area.
Imaging was performed before treatment with PEF, and immediately after treatment. The
percentage of eradicated bacteria can be determined by the intensity of the bioluminescent
images (Hamblin et al., 2002). The correlation between bioluminescence and bacterial
eradication has been desribed in previous studies (Ragas et al., 2010; Vecchio et al., 2013)
by correlating the CFU and RLU in agar plates in dark control and after treatment with
photodynamic therapy.
Scanning Electron Microscopy

Author Manuscript

Sterile uninfected mesh, untreated infected mesh, and treated infected mesh were processed
for Scanning Electron Microscopy (SEM). Samples were placed in ½ strength Karnovsky’s
fixative immediately after treatment and imaging. Samples remained in fixative for 24 h
prior to embedding.
After fixing the samples for 24 h, they were dehydrated in a series of graded ethanol
concentrations. A Tousimis Samdri semi automatic Critical Point Dryer was used to
completely dehydrate the samples. The mesh was then mounted on aluminum stubs and
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coated with Chromium with a GATAN 610 Ion Beam Coater. Samples were then viewed in
the SEM at a voltage of 5 kV. For image scanning, a JEOL 7401F Field Emission Scanning
Electron Microscope was used. Magnification of images ranged from 25× to 10000×. One to
three fields were obtained at each magnification.
Data Analysis

Author Manuscript

For data analysis, a previously described method involving Matlab SW was used
(Blumrosen et al., 2014). A set of images before and after the treatment were used to derive
the parameters. First, the luminescence intensity was normalized to the correct value to
compensate for the difference in the microscope settings before and after the scanning
according to (Dai et al., 2010). Following the normalization, the pixels were converted to
distances, where each pixel length was 5 mm. The intensity as a function of radius r, for
each exposure time t, It(r), was obtained by calculating the average intensity of a cluster of
bacteria according to the following:

(2)

where
represents the spherical radius from the center of the
plate (xct, yct), (x,y) are the coordinates of the plate, δ is the length of the cluster in mm, and
Nr is the normalization factor, which refers to the number of pixels in the cluster in the
spherical radius. The intensity over different distances, It(r), was converted to intensity over
electrical field strength using Equation (1).
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The relationship between the survival fraction and the treatment time (for a pre-determined
pulse energy) is commonly described by a mathematical model based on the Weibull
distribution (Álvarez et al., 2003; Peleg and Penchina, 2000; Peleg and Cole, 2000):
(3)

where S is the survival fraction of bacteria after the treatment, E is the local electric field,
and b and n are the field normalization and field exponent factors that can be estimated from
fitting the empirical data for each pulse rate. The fitting we used to estimate these
parameters was least-squares nonlinear curve-fitting. The Weibull distribution depicts the
dependence of bacterial survival on electric field intensity. We used a medium-scale Quasi–
Newton line search for the fitting algorithm (Murtagh and Saunders, 1978).

Author Manuscript

Results
Quantification of Treatment Efficacy Dependence on Pulse Rate and Electrical Field
Strength
To quantify the effect of pulse number using 100, 150, and 300 pulses, where the voltage,
pulse length duration, and frequency remained unchanged (1500 V, 50 μs, and 2 Hz,
respectively), we analyzed the images before and after treatment with concentric ring

Biotechnol Bioeng. Author manuscript; available in PMC 2017 March 01.

Khan et al.

Page 7

Author Manuscript

electrodes. The effect of treatment was measured as a function of the radius of central
clearing as seen in the bioluminescent images of the mesh.

Author Manuscript

Figure 2 shows images of the mesh before and after treatment with concentric ring
electrodes. It is seen that in all treatments with 150 and 300 pulses there is an effect that
results in lower intensity in the images after treatment. To quantify the treatment effect we
define effective eradicated area where there is over 80% eradication. According to this
criterion, the critical electrical field strength was 121 ± 14 V/mm when 300 pulses were
applied, 235 ± 6.1 V/mm when 150 pulses were applied, with related eradication area of
50.5 ± 9.9 mm2 for 300 pulses and 13.4 ± 0.65 mm2 for 150 pulses (Table I). This indicates
that the treatment efficacy increases as the number of pulses increases. More importantly, a
clear increase in treatment efficacy is appreciated at the center of the mesh, which was the
area that received the strongest electric field delivery even at 100 pulses (Fig. 3). Here, thick
biofilm matrix wedged into interstices was noted in control untreated infected mesh. Dense
bacteria were present with a clear production of exopolysaccharide which is associated with
biofilm formation. After treatment with PEF even with 100 pulses, the biofilm was disrupted
and a layer of debris was left behind at the center of the ring, where the fields where the
highest. The few remaining scant rods displayed abnormal morphology and
exopolysaccharide was not visible. The mesh was not damaged by PEF treatment (Fig. 3).

Author Manuscript
Author Manuscript

Survival rate is defined as the ratio of bacterial survival (measured as RLU) compared to the
initial value, and is depicted in a logarithmic scale. Figure 4A shows the average of all
treatments per pulse group, compared to the theoretical Weibull distribution as a function of
the electrical field strength. It can be appreciated from the figure that the survival rate
decreases as the number of pulses and electrical field strength increase. However, at the
lower pulse rate of 100 pulses, it seems that the effect of the treatment is similar across
different electrical field strengths; whereas, at the higher pulse rate of 300 pulses, there is a
more dramatic effect at the center of the mesh, where the electrical field strength is highest.
An ANOVA test (Fig. 4B) shows that the P-value between the different conditions (pulse
number) is 5.6 × 10–5 with error degrees of freedom (df) of 15, which indicates that the
increased efficacy of treatment is due to the increased number of pulses delivered. The
average values between the conditions were 57.41, 74.35, and 81.11, for the 50, 150, and
300 number of intial pulses, respectively. A multiple comparisons testing (pairwise
comparison) using “Tukey–Kramer” criterion that was perfomed after the Anova, showed
the difference between the estimated group means as depicted in Figure 4B. The differences
in means between 150 and 300 pulses is −6.7579, which is significantly lower than the
difference in means between 150 and 50, and 300 and 50 (−16.9356 and −23.6935,
respectively). Still, the lower and upper limits for 95% confidence intervals for 150 and 300
pulses, was −12.2820 and −1.2338, with P-value of 0.101, which indicates a maringal
significance between 150 and 300 pulses. This indicates that the effect of number of pulses
between 150 and 300 pulses is considerably small compared to lower pulse numbers. Table I
summarizes the treatment efficacy of each of the three groups of pulses.
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The model fitting to the theoretical Weibull distribution in Equation (3), is very high with a
correlation coefficient R2 of 0.9563, 0.9943, and 0.9956, for the 100, 150, and 300 pulses,
respectively. The model fitting is more accurate in the case of higher pulses, where the
treatment effect is more significant. The model fitting parameters used, and their
corresponding R2, are shown in Table II.

Discussion

Author Manuscript

We have demonstrated, in vitro, that pulsed electric fields can eradicate bacteria and disrupt
biofilms in mesh implants without damaging the mesh. Biofilms are a significant medical
problem, causing eighty percent of infections in the body. Examples include infections of
indwelling catheters, cardiac implants, prosthetic heart valves, synthetic vascular grafts and
stents, internal fixation devices, synthetic mesh, tracheal and ventilator tubing, oral soft
tissues, dental implants and teeth, middle ear, gastrointestinal tract, airway/lung tissue, eyes,
urogenital tract, urinary tract prostheses, peritoneal membrane and peritoneal dialysis
catheters, and percutaneous sutures. Bacteria within biofilms have increased resistance to
antibiotics, even though these same bacteria are sensitive to antibiotics if grown under
planktonic conditions (2002–12–20). Most recent studies, have shown that extracellular
DNA, secreted by bacteria, prevent efficient drug delivery to the biofilms (Baelo et al.,
2015).
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In this study, we demonstrated the effectiveness of PEF treatment of biofilm-infected mesh.
The results show increased bacterial eradication with increased number of pulses, and
electrical field strength. Additionally, the area of complete eradication of bacteria increases
as the number of pulses increases (P = 0.000056). This indicates that increased efficacy of
treatment is due to increased number of pulses delivered. Additionally, the P-value between
the conditions of 150 and 300 pulses was 0.101, which indicates a maringal significance
between 150 and 300 pulses. This indicates that the effect of number of pulses between 150
and 300 pulses is considerably small compared to lower pulse numbers (50), where the
effect on survival rate is less. Thus, for future treatments, less than 300 pulses can be
chosen, without significant impact on treatment efficiency. In addition, we showed that the
results of this work are consistent with the theoretical Weibull model. Study limitations
include the fact that this is an in vitro model and only one type of synthetic implant was
tested. In addition, we did not test the effects of pulse length duration on efficacy of
treatment, nor combine this treatment with antibiotics. The depth of PEF treatment can be
controlled in order to avoid damage to surrounding tissue and/or organs if clinically applied
in a patient with infected mesh (Golberg and Rubinsky, 2012). The treated area in the
clinical scenario will be predefined by the configuration of the electrodes and the applied
PEF parameters. Our previous work showed that PEF-ablated skin heals with no evidence of
scarring (Golberg and Yarmush, 2013). In order for the effect of PEF treatment to be
maximized, it would work synergistically with the human immune system and IV
antibiotics. PEF will stimulate the immune system by recruiting inflammatory cytokines and
mediators to the site of treatment (Golberg et al., 2015), and it has the potential to eradicate
the biofilm synergistically with antibiotics. Disruption of bacteria in the biofilm could
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decrease the concentration of secreted molecules such as eDNA in the biofilm, therefore,
enabling more efficient drug delivery to the treated area. This hypothesis should be
evaluated in vivo in an animal model, as well as clinical trials. We do not know the longterm response of the body to an infected material treated by PEF.

Author Manuscript

In conclusion, PEF treatment avoids the problem of antibiotic resistance. Additionally, PEF
does not involve enzymatic removal (Johansen et al., 1997), chemical treatments (Chen,
2000), metalic nanoparticles (Chen et al., 2014), chelating agents (Turakhia et al., 1983), or
other methods previously applied to biolfims. Moreover, PEF is a non-thermal treatment that
does not destroy the integrity of the mesh or damage the mesh at all, while sparing
surrounding tissue from injury. Combining antibiotic therapy with PEF could effectively
eradicate biofilms, therefore, avoiding mesh removal and/or life-long high-dose antibiotic
therapy. In the future, we plan to test this treatment in an in vivo model. We have
established the parameters needed to achieve complete bacterial eradication with a single
needle electrode. Based on the results of this study, a tailored device could be created with
an array of needles at various distances apart from each other to treat any given infected
mesh in a patient.
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Depiction of experimental setup. (A) Digital image of concentric ring electrodes applied to
infected mesh. (B) BTX 830 pulse generator. (C) Theoretical mapping of biophysical effects
experienced by cells as a function of electroporation parameters. Our goal was to find the
electric field that corresponds to the solid line (red arrow). This represents the minimal
electric field needed to kill bacteria and disrupt biofilm. We used the equation displayed to
solve for E. (D) Bioluminescent image of infected mesh prior to treatment. (E)
Bioluminescent image of infected mesh after treatment with central clearing where biofilm
had been eradicated. (F) Mathematical model of the PEF treatment.
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Bioluminescent images of mesh before and after treatment. Bioluminescent images of the
infected prolene mesh before and after treatment with concentric ring electrodes. It is seen
that in all (N = 3 treated mesh) 150 and 300 pulses treatments there is an effect that results in
lower bioluminescent intensity in the images after treatment.
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Figure 3.

Scanning Electron Microscopy confirmed our results. Control untreated infected mesh
demonstrated thick biofilm wedged into mesh interstices. Dense bacteria revealed
production of exopolysaccharide. After treatment with PEF using the conentric electrodes,
the biofilm has been disrupted and debris is left behind. The few remaining scant rods
displayed abnormal morphology and exopolysaccharide was not visible. The mesh was not
damaged by PEF treatment.
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Log (Survival Ratio) of bacteria per treatment group. (A) Bioluminescent values measured
from N = 3 mesh pieces per group. The average of all treatments per pulse group compared
to the theoretical Weibull distribution as a fucntion of the electric field strength, is
demonstrated. Survival rate decreases as the number of pulses and electric field strength
increase. (B) An ANOVA test reveals that the P-value between the different conditions
(pulse number) is 0.000056, which indicates that treatment efficacy directly correlates to
number of pulses delivered. Treatment efficiency is defined by the % of eradicated bacteria,
as measured by the % of bioluminescence reduction at the specific location.
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Bacterial eradication results for number of pulses delivered (V1 = 1500, V2 = 0, pulses, 50 μs pulse length
duration, and 2 Hz).

Treatment

Ecr for 80%
eradication (V/mm)

Area eradicated
over 80% (mm2)

100 pulses

none

none

150 pulses

121 ± 14

50.5 ± 9.9

300 pulses

235 ± 6.1

13.4 ± 0.65
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Fitting results to the theoretical model.
(b,n)

R2

100 pulses

−0.49, 0.074

0.9563

150 pulses

5.4650, 0.3379

0.9943

300 pulses

0.0001, 0.0828

0.9956

Treatment
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