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Abstract

The purpose of this clinical study was to assess, in a limited patient population, the potential for a
novel advanced wound care treatment based on low intensity, low frequency ultrasound (LFLI-US)
to affect wound closure rate in human diabetic foot ulcers (DFU) and to effect changes in the
relative expression of pro-inflammatory and anti-inflammatory genes. The ratio of expression of
these genes, termed the M1/M2 score because it was inspired by the transition of macrophages
from pro-inflammatory (M1) to anti-inflammatory (M2) phenotypes as wound healing progresses,
was previously presented as a potential healing indicator for DFUs treated with the standard of
care (Nassiri et al. 2015). We have also shown that noncavitational, nonthermal, low frequency (20
kHz), low intensity (spatial peak temporal peak intensity <100mW/cm?; i.e. pressure amplitude of
55 kPa) ultrasound (LFLI-US) delivered with a pulse repetition frequency (PRF) of 25 Hz was
effective at improving wound healing in a pilot study of 20 patients with chronic venous ulcers
(Samuels et al. 2013). In this study, we assessed the potential for weekly LFLI-US exposures to
affect wound healing in patients with diabetic ulcers, and we analyzed temporal changes in the
M1/M2 score in debrided diabetic wound tissue. Although this was a limited patient population of
only 8 patients, wounds treated with LFLI-US showed a significantly faster reduction in wound
size compared to sham-treated patients (p<0.001). In addition, the value of the M1/M2 score
decreased for all healing diabetic ulcers and increased for all non-healing diabetic ulcers,
suggesting that the M1/M2 score could be useful as an indicator of treatment efficacy for advanced
DFU treatments. Such indicator would facilitate clinical decision making, ensuring optimal wound
management and thus contributing to reduction of healthcare expenses. Moreover, the results
presented may contribute to understanding of the mechanisms underlying ultrasonically assisted
chronic wound healing. The knowledge of these mechanisms could lead to personalized or patient-
tailored treatment.
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Introduction

The purpose of this brief clinical study in a limited patient population was to evaluate the
potential effects of low frequency, low intensity ultrasound (LFLI-US) on diabetic ulcer
healing and the temporal changes in the relative expression of genes associated with pro-
inflammatory (M1) and anti-inflammatory/pro-healing (M2) macrophage phenotypes, which
may have potential as a healing indicator to aid in clinical decision making to improve
wound care.

Chronic ulcers represent a substantial clinical burden; 30.3 million people in the United
States alone have diabetes (American Diabetes Association), and it is estimated that 15% of
diabetic patients will develop an ulcer at some time during their disease course (Reiber et al.
1998). The standard wound care practice involves debridement of necrotic tissue, application
of moist dressings, and offloading (Powers et al. 2013). However, these passive treatments
have limited success (Frykberg and Banks 2015), with 5-year amputation rates as high as
29% (Moulik et al. 2003). Compounding the problem is the lack of an effective diagnostic
method to determine if the wound is healing or not. The Wound Healing Society
recommends using a 40% reduction in wound size as an indicator that a wound is on a
healing trajectory, but this method has only 50-70% positive predictive value (Cardinal et al.
2008; Sheehan et al. 2003). It has been estimated that switching to a more effective
treatment after 4 weeks of unsuccessful treatment would save approximately $12,000 per
patient (Weingarten et al. 2012). At the same time, the most effective advanced wound care
treatments have only a ~60% success rate (Johnson et al. 2017). Thus, there is a well-defined
need for more effective therapies that actively promote wound healing and for innovative
diagnostics that aid in clinical decision making.

We recently reported the results of a pilot clinical study indicating that a novel LFLI-US
contact-based applicator actively promoted healing of chronic venous ulcers (Samuels et al.
2013). In that study, patients were exposed to 55 kPa pressure amplitude ultrasound wave
corresponding to 100mW/cm?, spatial peak temporal peak intensity (Isptp), for 15 or 45
minutes weekly. The weekly treatment frequency was intentionally chosen to minimize
patients’ travel burden associated with clinical visits. All exposures were delivered at 20 kHz
or 100 kHz with a pulse repetition frequency (PRF) of 25 Hz. Such field parameters are
considered safe since they exclude thermal and cavitation effects, even for prolonged
exposure times (>250 min). Wounds that were exposed to 20 kHz ultrasound for 15 minutes
per week healed at the fastest rate. The purpose of this study was to determine the potential
for the same treatment modality to promote healing of diabetic foot ulcers. In addition, we
evaluated the potential of a novel healing indicator based on the behavior of macrophages as
healing progresses.

Macrophages, the primary cells of the innate immune system, regulate all stages of the
healing process by transitioning from the M1 to the M2 phenotype over time as healing
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progresses (Mirza and Koh 2011; Spiller et al. 2014). The M1 phenotype is associated with
early processes in wound healing, such as the initiation of angiogenesis, while the M2
phenotype is associated with late processes in wound healing, such as blood vessel
stabilization (Spiller et al. 2014; Spiller and Koh 2017). The M1-to-M2 transition is known
to be defective in chronic wounds, characterized by prolonged M1 activation, leading to
impaired healing (Mirza and Koh 2011; Mirza et al. 2013). Previously, we showed that
expression of individual genes associated with the M1 and M2 phenotypes did not change
appreciably over time in human diabetic ulcers; however, processing the data into a novel
ratio of four M1-associated genes (VEGF, CCR7, CD80, and IL1B) to three M2-associated
genes (PDGFB, TIMP3, and MRC1) accurately predicted healing or non-healing in all 10
patients in the pilot study. More specifically, the M1/M2 score decreased for healing patients
and increased for non-healing patients (Nassiri et al. 2015). By processing the gene
expression data into the M1/M2 score, the relative levels of M1 and M2 gene expression
were magnified and the data were normalized such that they were not affected by the size of
the sample. It is important to note, however, that while the selected genes are associated with
macrophage phenotype, they are not specific to macrophages and may be expressed at
different levels by other cells present in the wound tissue, especially fibroblasts,
keratinocytes, and endothelial cells. Thus, the M1/M2 score can be considered an indicator
of wound inflammation, as opposed to macrophage phenotype per se (Nassiri et al. 2015).

In this study, we treated diabetic foot ulcers with the same LFLI-US treatment parameters
that were successful in our pilot study of venous ulcers (Samuels et al. 2013). In addition,
we analyzed changes in inflammation via the M1/M2 score in tissue samples debrided from
LFLI-treated and sham-treated wounds in order to assess the potential of the novel M1/M2
score as a healing indicator when used with advanced wound care treatments such as LFLI-
us.

Materials and methods

Patient Enrollment and ethical considerations

The study was conducted in accordance with the ethical guidelines set forth by the 1975
Declaration of Helsinki and in compliance with the study protocol approved by Drexel
University Institutional Review Board. All patients were recruited from the Drexel
University Wound Healing Center and had at least one diabetic ulcer that had not healed for
2 months at the time of enrollment. Patients who exhibited signs and symptoms of untreated
vascular disease or invasive infection such as cellulitis or abscess in the tissue with systemic
manifestation were excluded from the study. The study was double blind (neither the patient
nor the physician knew whether the patient was being given the treatment or sham, although
the assisting researcher did know; an expanded double-blind, NIH-sponsored, randomized
controlled study is currently underway, see acknowledgements). After providing informed
consent, the patients were randomly assigned to the LFLI-US treatment or sham- treatment
groups. The sham group was treated in the exact same way as the ultrasound-treated group,
except that the device was not activated. During the study, all participants in both treatment
groups underwent standard ulcer care procedures determined by the attending physician,
including weekly or biweekly wound debridement, prescribed topical dressings to maintain
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a moist wound environment, and offloading. Patients whose wounds fully closed within 12
weeks of study enrollment were considered healing, while patients whose wounds did not
heal within 12 weeks of study enrollment were considered non-healing (Ashby et al.; Steed
et al. 2006). As summarized in Table 1, 8 patients were enrolled in this study.

Ultrasound Applicator

Ulcer tissue

The wearable ultrasound applicator (Supplementary Figure 1) consisted of three 10mm
diameter single element unfocused transducers. The 40mm diameter of the “triangle design”
applicator acted as a planar source and generated uniform distribution of field measured in
water at a distance of 2.5mm, chosen to mimic the clinical exposure conditions (Sunny et al.
2012). The applicator was intentionally designed as a noncavitational, nonthermal device
with pressure amplitude of 55 kPa corresponding to 100 mW/cm? Isptp at 20 kHz. To further
reduce the likelihood for temperature elevation and enhance the battery life-time, the
ultrasound energy was delivered using pulse repetition frequency of 25 Hz. These acoustic
output parameters were chosen based on the results of the clinical pilot study of patients
with venous ulcers (Samuels et al. 2013). The performance of the ultrasound applicator was
tested regularly before and after each human exposure (15 minutes, once a week); each test
included all relevant acoustic field parameters (pressure amplitude, frequency) and
uniformity of the field distribution (Samuels et al. 2013). This testing of the acoustic output
of the applicators was important to eliminate the possibility of any malfunctioning of the
devices.

collection

All patients underwent ulcer debridement as part of standard wound care regimen during
each visit. Sharp debridement was conducted using a scalpel or curette after removing the
overlying biofilm. Debrided tissue was collected from 6 of the 8 patients (n=3 treated and
n=3 non-treated); logistical limitations prevented acquisition of samples from the other two
patients. The debrided tissue was immediately stored in RNAlater® Solution (Ambion,
Austin, TX, USA) at 4°C overnight before long term storage at —80°C prior to RNA
extraction and gene expression analysis.

RNA Extraction, cDNA Synthesis, and qRT-PCR

The collected ulcer samples were thawed at room temperature and total RNA was extracted
using chloroform and Trizol method followed by purification with the Qiagen RNeasy kit
(Qiagen, Inc., CA, USA) according to the manufacturer’s instructions. DNA was inactivated
using DNAse | Amplification Grade (Invitrogen, Carlsbad, CA, USA). Complementary
DNA (cDNA) was synthesized by using High-capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Foster City, CA, USA) and samples were stored at —80°C. The
analysis of gene expression was performed using quantitative reverse transcription
polymerase chain reaction (QRT-PCR) using SYBR green reagents (Thermo Fisher
Scientific) and 20ng of cDNA per reaction, as previously described (Nassiri et al. 2015). All
primers were custom-designed and synthesized by Thermo Fisher Scientific. The M1/M2
score was calculated by taking the ratio of the sum of gene expression levels (2"-Ct) of M1
genes (VEGF, CCR7, CD80, IL1B) to the sum of gene expression levels of M2 genes
(PDGFB, TIMP3, MRC1) following the procedure given in (Nassiri et al. 2015). In the same
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study, we found that the M1/M2 score could differentiate healing from non-healing wounds
as early as 3 weeks from patient enrollment. Similarly, in the present study, we compared
M1/M2 scores at the 3"d week of treatment.

Statistical Analysis

All statistical analyses were performed in Graph Pad Prism 6 and all data are shown as mean
+ SEM. An unpaired two tailed t-test and one-way ANOVA were used for comparison
between two groups and more than two groups, respectively. A p-value of less than 0.05 was
considered significant.

Results

Effects of LFLI-US treatment on diabetic ulcer closure

Four of the 8 enrolled patients were treated with LFLI-US and 4 were treated with the sham
device (Table 2). All patients also received the standard of care. All 4 treated patients healed
within 12 weeks, whereas only 1 of the 4 sham-treated patients healed within the same
period. Diabetic ulcers treated with LFLI-US showed a significantly faster closure rate than
sham-treated ulcers (Figure 1).

Effects of LFLI-US treatment on M1/M2 score in Diabetic Ulcers

As expected, there were no significant differences in the expression of any of the 7 M1 and
M2 genes over time, regardless of treatment or healing status (Supplementary Figure S2).
However, in agreement with our previous reports on the utility of the M1/M2 score,
combining the values into the M1/M2 score revealed differences between healing and non-
healing ulcers regardless of treatment; all healing ulcers showed a decrease in the M1/M2
score over time while all non-healing ulcers showed an increase in the score over time
(Figure 2; Supplementary Figure S3).

Discussion

The results of this clinical pilot study suggest that LFLI-US treatment promotes healing of
diabetic ulcers. Moreover, ultrasound-induced healing was associated with a reduction in
M1/M2 score, which indicates reduced inflammation in treated wounds.

However, it is not possible to determine at present whether the reduction of the M1/M2 score
in LFLI-US-treated ulcers was due to direct effects of ultrasound exposure on macrophages.
Although macrophages are major regulators of inflammation and wound healing, the genes
that comprise the M1/M2 score are not specific to macrophages, and may be expressed at
appreciable levels by other cells in the wound, including endothelial cells, fibroblasts, and
keratinocytes. In other words, the “M1” genes may also be considered as genes expressed at
the early stages of healing by multiple cell types. These genes include those associated with
inflammation and the initiation of angiogenesis (CCR7, CD80, IL1B, and VEGF). Likewise,
the “M2” genes are associated with the later stages of healing, including the M2 phenotype
of macrophages as well as stabilization of angiogenesis (PDGFB, TIMP3, and MRC1).
Thus, the relative levels of the early stage factors (CCR7, CD80, IL1B, and VEGF)
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compared to the late stage factors (PDGFB, TIMP3, MRC1) can be used as a surrogate to
track the proper sequence of cellular events required for normal wound healing (Nassiri et al.
2015). These results suggest that once verified with a larger number of subjects, the M1/M2
score could be applicable as an effective healing indicator, permitting clinicians to
implement agile modification of the initial treatment options and reduce hospitalization time.

Numerous studies have shown effects of LFLI-US on cells involved in wound healing,
including fibroblasts and endothelial cells. For example, the results from /n vitro studies
performed using identical exposure parameters showed that the ultrasound energy stimulated
metabolism and proliferation of murine 3T3 fibroblasts (Samuels et al. 2013). Another study
showed that 10min of exposure to 27 kHz continuous wave US at 250 mW/cm? caused
human umbilical vein endothelial cells to increase synthesis of nitric oxide, which could
contribute to vasodilation, increased blood flow, and improved healing (Altland et al. 2004).
However, at present the mechanisms behind the biophysical effects of ultrasound on cells
and tissues are not known. One potential mechanism may be mechanical effects of
ultrasound pressure waves on macrophages. For example, low intensity (30 mW/cm?) pulsed
(1.5 MHz pulsed at 1 kHz) ultrasound has been shown to activate the RhoA, p38 MAPK,
and ERK mechanotransduction pathways in macrophages and to increase their phagocytic
capability (Zhou et al. 2008). These characteristics are also associated with M2 macrophage
polarization (Leidi et al. 2009; Zhang et al. 2011). In addition, the transforming growth
factor-beta-1 (TGFB1) pathway is another mechanotransduction pathway (Hinz 2015) that
could be activated in response to ultrasound and would be expected to inhibit M1
polarization of macrophages (Freire-de-Lima et al. 2006).

Another potential mechanism by which ultrasound impacts cells involved in wound healing
may be through indirect effects on other cells such as endothelial cells. For example,
ultrasound may generate highly localized, transient fluid flow that produces shear stresses.
While the effects of shear stress on macrophages have not been thoroughly investigated, it is
well known that shear stress impacts endothelial cell behavior, with potentially positive
effects on angiogenesis and on regulating macrophage behavior. For example, laminar flow-
induced shear stress has been shown to enhance endothelial cell expression of VEGF
(Conklin et al. 2002) and TGFB1 (Ohno et al. 1995) and to enhance angiogenesis (Galie et
al. 2014). Low intensity (15-30 mW/cm?) low frequency (45 kHz) ultrasound also has been
shown to increase VEGF expression by osteoblasts, fibroblasts, and peripheral blood
mononuclear cells in vitro (Reher et al. 1999). Both VEGF and TGFB1 are known
modulators of macrophage polarization (Eirin et al. 2013; Freire-de-Lima et al. 2006; He et
al. 2012), suggesting potential mechanisms by which ultrasound indirectly affects
macrophage behavior through effects on other cells. Clearly, further studies are required to
narrow down the precise biophysical mechanisms behind ultrasound-induced wound
healing.

Finally, other studies have shown that the input of physical energy from other sources affects
wound healing. For example, the application of whole body low intensity vibration, which
has been shown to increase bone mineral density in patients, accelerated diabetic wound
healing in mice, concomitant with increased levels of macrophages and growth factors
(Weinheimer-Haus et al. 2014). Electroceutical systems that apply static or dynamic electric
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fields to the wound have shown promise (Blount et al. 2012; Wahisten et al. 2016). However,
unlike ultrasound, these strategies lack a wide range of control over the energy parameters
that can be applied locally to the wound and/or are not suitable for combination with many
other wound care treatments such as advanced wound dressings. In addition, the portable,
wearable ultrasound applicator design that we describe in this study has the potential for
increasing patient compliance because of its convenience and possibility of at-home use.

Although this study suggests that LFLI-US may be effective for diabetic wound healing and
that the M1/M2 score may be useful as an indicator of healing, a major limitation of this
analysis is the small number of patients. This is a recognized problem in chronic ulcer
studies that stems from limited patient compliance in returning for repeat visits as well as
limitations in the numbers of eligible patients because of exclusionary criteria, such as
vascular insufficiency or extensive osteomyelitis, that are necessary in preliminary
mechanistic studies. Another limitation was that only the 7 genes associated with the
previously described M1/M2 score (Nassiri et al. 2015) were evaluated. Evaluation of other
genes related to inflammation and healing will shed light on the mechanisms behind LFLI-
US-induced wound healing. Moreover, gene expression is only a surrogate indicator of cell
behavior, and future studies should include analysis of the possible changes on the protein
and cellular levels. These limitations notwithstanding, this study presents proof-of-concept
indicating that LFLI-US treatment of human chronic diabetic ulcers may assist in the healing
process with either direct or indirect effects on inflammation, and that the M1/M2 score
might become useful as clinically viable indicator of wound healing treatment.

Conclusions

Although based on limited sample of data, the results of the present study suggest that
nonthermal, noncavitational ultrasound may enhance wound healing in diabetic foot ulcers,
and that healing progress may be monitored by examining the value of the novel M1/M2
score. The use of the M1/M2 score as a clinically viable biomarker would enhance the
diagnostic power of attending physicians and facilitate early decision making of the
preferred wound management, thus contributing to reduction of healthcare expenses. The
results obtained may also contribute to develop a better understanding of the mechanisms
underlying ultrasonically assisted chronic wound healing process. The knowledge of these
mechanisms could lead to personalized or patient-tailored treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Sham-treated Sham-treated
Non-healing

Diabetic ulcer size reduction after treatment and sham treatment. (a) Comparison of ulcer

size reduction between treated and sham-treated ulcers (n=4 in each group, Student’s t-test,
***n<0.001). (b) Comparison of ulcer size reduction between treated healing (n=4), sham-
treated healing (n=1) and sham-treated non-healing (n=3). Data are shown as mean = SEM.
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Fig 2.

Ct?ange in combinatorial M1/M2 score over time, represented as fold change compared to
the first sample. (a) LFLI-US-treated ulcers; (b) sham-treated ulcers. Each line graph shows
data from an individual patient. Healing wounds are shown in red while non-healing wounds
are shown in blue.
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Table 1

Baseline characteristics of patients.

Number of patients 8

Gender 4M, 4F
Age (Years) 57.6 +8.9
BMI 32.8 4.7
Wound size at initial visit (area, cm?) | 0.88 +0.52

Abbreviation: M=males, F=female
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Table 2

Distribution of diabetic ulcers by treatment and outcome.

Diabetic Ulcers

Ultrasound Treated | Sham-treated

Healing 4 1
Non-healing 0 3
Total 4 4
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