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The aim of this study was to compare changes in wound size and appearance and
health complication rates in patients with vasculopathy and lower-extremity
wounds treated with or without low-frequency contact ultrasound debridement
(LFCUD) This study was a randomised controlled trial. The study was conducted
in a vascular surgery service, including outpatient wound clinic and inpatient
ward, in a tertiary care academic centre. In total, 70 patients with vasculopathy
and lower-extremity wounds of mixed aetiology were enrolled in the trial; 68 com-
pleted the study. Patients were randomised to receive LFCUD plus usual care
(n = 33) or usual care (n = 37) at 4 weekly visits, and were followed thereafter
for up to 12 wk. The main outcome measures included closed wounds, change in
wound surface area (WSA), and wound appearance by the revised Photographic
Wound Assessment Tool (revPWAT). After 4 weekly LFCUD treatments, patients
in the LFCUD group had significantly better wound appearance (total revPWAT
score) compared with the control group treated only with usual care (P = <0.05).
LFCUD-treated wounds also had a significant reduction in WSA over 4 wk that
was not found in the UC group. LFCUD treatment was also associated with a
greater number of healed wounds, odds ratio 5.00 (95% CI 1.24-20.25), and fewer
instances of wound deterioration. Weekly LFCUD applications to patients with
significant vasculopathy resulted in superior healing outcomes when compared
with current usual wound care practice.
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1 | INTRODUCTION

Wounds complicated by vascular disease are challenging to
heal, and patients face serious health risks. Peripheral arte-
rial disease (PAD) is thought to be underappreciated, under-
diagnosed, and under-treated.1 PAD is a comorbid condition
noted in 29% of those over 50 y of age with diabetes�2
Patients with both diabetes and PAD have an increased risk
of serious complications, including serious infections, lower
limb amputation, and even death.44 Given an increasing
elderly population and what has been described as the

“economic tsunami” of diabetes,6 the number of people with
PAD-related wounds is expected to increase to up to 10.8%
of Canadians by 20207 Unfortunately, around 15% to 25%
of people with diabetes can be expected to develop foot
wounds, which are the leading cause of non-traumatic lower
limb amputation. To date, there are few active treatments
for people with wounds related to PAD, and wound
debridement is often avoided due to safety concerns.

A diagnosis of PAD reduces healing expectations as this
pathology results in altered delivery and transport of oxygen
and other factors essential for fuelling cellular function and
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healing. Additionally, poor blood supply to the wound mutes
local inflammatory response, increasing excess bacterial growth
and increasing the risk of infection�8 Tissue ischaemia can result
when arterial compromise is severe, and the accumulation of
devitalised tissue (necrosis) within the wound can become an
excellent culture medium for bacterial proliferation,9 increasing
the risk of systemic infection and wound complications. Impor-
tantly, impaired blood flow affects the delivery of medications
needed to treat underlying illness and infections�10

Sharp debridement involves the removal of necrotic or
unhealthy tissue from the wound,11 providing a fresh, bleed-
ing wound base, and is considered gold-standard preparation
for chronic or non-healing wounds. Debridement is a widely
accepted wound treatment that reduces bacterial burden,
improves the wound environment, and promotes
healing�12–14 Sharp debridement improves the wound envi-
ronment by removing senescent cells and necrotic debris,
which may recur. Additionally, increased debridement epi-
sodes have demonstrated improved healing rates in diabetic
foot ulcers, possibly because this procedure stimulates the
release of growth factors that are necessary for tissue
repair�13 More recently, sharp debridement has been identi-
fied as 1 of few wound treatments that can remove biofilm
bacteria from wounds.15–18 These biofilm-protected bacterial
colonies are notoriously hard to remove, destroy, or detect
and have been implicated in recurring wound infections�9
Unfortunately, sharp debridement is not readily available for
routine wound care and is seldom offered to those with PAD
because of concerns about post-procedure complications.19

Inconsistent levels of wound provider competency, lack of
policy, and limited funding models form additional barriers
to performing debridement in many settings�20

2 | BENEFITS OF ULTRASOUND

Ultrasound is acoustic energy in the form of sound waves
above the range of human hearing (greater than
20 000 kHz).21 There are several variations of therapeutic
ultrasound used to treat wounds, including indirect and
direct contact methods that may be directed either to the
wound or peri-wound area. These applications incorporate a
range of frequencies and formats of ultrasound delivery that
may be delivered in continuous or pulsed (intermittent)
modes.

Higher-frequency (MHz) applications are applied using
a transducer to the peri-ulcer skin and are coupled via aque-
ous gel or through a water bath medium. Lower-frequency
therapeutic systems (kHz) are available that deliver ultra-
sound by probes or through saline vapour. The lower fre-
quencies have been reported to favourably influence early
wound healing in venous leg ulcers and diabetic foot
wounds�22 Low-frequency ultrasound produces a longer
wavelength, which penetrates tissue more deeply and gener-
ates less heat compared with higher (MHz) frequencies�21

Although these various modes are all based on ultra-
sound energy, it is inappropriate to compare them directly
as indications, dosage, and delivery methods are not equiva-
lent. The focus of this study was to explore the effect of
LFCUD, which is a direct wound contact application of
ultrasound that immediately and visibly removes necrotic
debris and causes a light bleeding response.

3 | PHYSIOLOGICAL EFFECTS ON
HEALING

Ultrasound has been shown to promote cellular response,
including fibroblast activity, collagen deposition, and new
blood vessel growth to induce tissue repair�23–26 Ultrasound
has also been shown to induce blood vessel dilation27 and
improve the quality of granulation tissue�25,28 More
recently, there is emerging evidence that ultrasound pro-
motes migration mechanisms and promotes cell adhesion,
which is necessary for tissue repair to occur�29 Interestingly,
increase of local blood flow, oxygen uptake, and tissue
regeneration in embryo tissues have all been noted with
ultrasound application�30 These particular attributes are of
interest for a vascular population. In light of these benefits,
our study examines the combination of ultrasound and
debridement.

LFCUD devices incorporate potentially beneficial ultra-
sound energy to precisely remove debris.31 Promising
results have been reported in previous case series where
LFCUD was used to prepare wounds for skin grafts32 and
promote closure of wounds in patients with prosthetic vas-
cular graft infection33 and infected sterno-cutaneous fistu-
lae.34 A similar form of LFCUD is in common use in
dentistry to remove plaque biofilm while causing minimal
disturbance of viable tissue�35 We recently completed a fea-
sibility study using LFCUD treatments of 10 patients with
vasculopathy. We specifically showed that 4 weekly treat-
ments with LFCUD produced 30% wound size reduction

Key Messages

• ultrasound and debridement have been shown individually

and in combination to support healing of various wound

types

• low-frequency contact ultrasound debridement (LFCUD)
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and improved the appearance of the wound bed in people
with long-standing vascular pathology. LFCUD was pro-
vided by an Enterostomal nurse (ET RN) with advanced
training to patients with moderate to severe vascular disease
with minimal and manageable complications in an outpa-
tient setting.

While there is promising research to suggest that
LFCUD may be an effective and safe treatment to be used
in wound care, there are no properly designed and con-
trolled trials that test its ability to promote either better tis-
sue quality or faster wound healing in a vascular
population. The purpose of this study is to explore the effect
of adding 22�5 kHz LFCUD to usual care on wound-healing
outcomes of patients of a vascular service at a tertiary centre
nurse-led wound clinic. It is hypothesised that treatment
with LFCUD will remove necrotic debris, reduce bacterial

burden, and improve wound size and appearance in a high-
risk, vasculopathic population. These improved healing out-
comes will be associated with a lower occurrence of infec-
tions, amputations, and other serious health complications.

4 | METHODS

The study is a 2-arm randomised controlled trial with single
assessor blinding. A study flow diagram is outlined in
Figure 1. The study was approved by both the Western Uni-
versity and Ottawa Health Science Network Research Ethics
Boards and was registered at the U.S National Institutes
of Health Registry (ClinicalTrials.gov, at identifier
NCT01973361). As per local requirements for the adminis-
tration of LFCUD, an ET RN with advanced wound care
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training was approved by the Department of Vascular Sur-
gery to administer all LFCUD treatments via Medical Direc-
tive and a Delegated Medical Act. The ET RN also received
training and certification on the use of the device from the
company representatives (Misonix, Farmingdale, NY).

4.1 | Study participants

All patients with lower-extremity wounds who were referred
to the vascular service of a tertiary care hospital were
approached consecutively by members of the vascular ser-
vice team and asked if they would participate in the study.
Patients were eligible if they were over 18 y of age and had
a full-thickness wound below the knee greater than 1 cm2 in
surface area. Patients were excluded if they had conditions
that prevented healing or if they had a medical condition
that could contraindicate ultrasound treatment or could
cause undue pain or post-procedural bleeding. Patients were
also excluded if they were concurrently receiving collagen,
extracellular matrix products, or hyperbaric oxygen therapy;
had exposed bone or tendon in the wound; were unable to
speak English; or were unwilling to complete the 12-wk
study protocol. Patients with more than 1 ulcer were
included, and all ulcers were treated. However, only 1 ulcer
(the largest area measured at baseline) was followed for
study purposes. All patients were screened by a vascular
surgeon and the Infectious Diseases physician (ID MD) to
rule out the presence of serious or potentially life- or limb-
threatening ischaemia or infections.

As part of the screening process, 1 of 6 vascular sur-
geons confirmed that vascular status was sufficient for heal-
ing, and debridement was not contraindicated. An extensive
vascular assessment performed by the vascular service
includes palpation of pedal pulses and an evaluation of limb
perfusion in a clinical vascular laboratory using various
methods, including Ankle Brachial Pressure Index, Toe Bra-
chial Index, computerised tomography angiography, or digi-
tal subtraction angiography. Throughout the study, the
vascular surgeons were not blinded so that patients could
discuss any concerns and safety could be monitored.

Provided members of the vascular team felt that patients
were able to participate in the study, the same ET RN com-
pleted the screening process and provided patients with a
letter of information that was approved by the Research
Ethics Boards.

4.1.1 | Randomisation

All eligible and consenting patients were enrolled and ran-
domly allocated in a 1:1 ratio to either the LFCUD) group
plus usual care or usual care alone (UC). Randomisation
was performed using web-based computer software
(Empower, Inc., London, Canada) that was off-site and
independent of any of the researchers. We stratified by
whether or not the patient was receiving negative pressure
wound therapy (NPWT) so that the groups were balanced.

4.1.2 | Initial assessment and debridement

The study timeline is outlined in Figure 2. All patients who
were enrolled in the study underwent a comprehensive
assessment conducted by the ET RN to identify risk factors
for delayed healing. A patient history form was used to fully
describe patient characteristics and identify all comorbidities
known to affect healing (eg, diabetes and associated compli-
cations, any recent or serious illness, and/or any recent sur-
geries). A blood sample was drawn to identify factors that
may affect healing (eg, infection, nutritional markers, and
anaemia). The ET RN applied the treatments and therefore
was not blinded to treatment allocation.

All participants underwent a comprehensive assessment
and extensive debridement by an infection disease physician
(ID MD). An extensive sharp debridement procedure was
performed at baseline on all enrolled patients by the same
ID MD who was blinded to treatment allocation. This sharp
debridement procedure involved cleansing with chlorhexi-
dine 0.05% and completely removing all visible necrotic
debris on the wound surface with a sterile curette, forcep,
and/or scalpel. A tissue sample was taken after cleaning
with physiological saline and then analysed for bacteria
quantity and sensitivity under both aerobic and anaerobic
conditions by an accredited medical laboratory. Results
were expressed semi-quantitatively. The ID MD determined
whether the wound was infected or not and prescribed anti-
biotics according to the Infectious Diseases Society of
America’s Practice Guidelines for Skin and Soft Tissue
Infection36 and Diabetic Foot Infection�37

4.2 | Usual care (UC)

All patients regardless of group allocation received routine
wound care at the same visit frequency (weekly). UC at our
clinic includes removing the dressing; cleansing the wound;
performing conservative debridement procedure, which
involved removal of any necrotic debris from the wound
base; pairing the peri-wound callus; and replacing with a
moist-interactive dressing. Foot ulcers were evaluated for
customised offloading systems as determined by the chirop-
odist. Compression wraps were applied to patients with tib-
ial wounds and were titrated based on the vascular
evaluation at baseline. All study patients received the same
topical antimicrobial dressing prophylactically (Silver algi-
nate dressing (Silvercel®, Acelity, San Antonio, TX), which
was changed regularly by home care nurses. Typically,
patients on vascular service are seen in the outpatient clinic
every 4 to 6 wk. Therefore, weekly visits to the clinic for
those in the UC group resulted in more frequent access to
expertise on the vascular service and more frequent episodes
of conservative debridement.

For patients with cavity wounds that extended adjacent
to deep structures or with postoperative cavity defects, UC
includes the use of NPWT as the wound dressing. For these
patients, 1 of 2 NPWT devices was used (VAC®, Acelity,
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Antonio, TX, or Renasys®, Smith & Nephew, London,
UK). NPWT was set at intermittent suction to support gran-
ulation response unless wound structural support was
needed or the seal was problematic, in which case continu-
ous suction was selected.

4.2.1 | Low-frequency contact ultrasound debridement
(LFCUD)

In addition to UC, participants allocated to the LFCUD
group received high-intensity, low-frequency (22�5 kHz)
contact continuous ultrasonic debridement (Sonic One®,
Misonix, Farmingdale, NY.). The Sonic One® LFCUD
device produces a 22�5 kHz ultrasonic frequency at ampli-
tude settings of 1 to 5 through a piezoelectric crystal in the

hand piece, which, in turn, transfers the acoustic energy into
the tissue via direct contact with the saline medium. The
probe type was selected based on patient pain sensation,
wound shape, and tissue adherence. The gold (standard)
probe was the usual selection, while the green (gentle)
probe was used for patients with any described discomfort
or preference; the blue (tunnel) probe was used for wounds
with undermined areas, and the magenta (aggressive) probe
was used for very adherent necrotic debris. The hand piece
and probe were sterilised in the hospital’s central processing
department by autoclave as per manufacturer’s instructions.
The treatment was applied by placing the selected and steri-
lised probe in direct contact with the wound bed. The saline
irrigation rate was set at the lowest setting. Treatment
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continued until light bleeding occurred, and all necrotic tis-
sue was removed.

All treatments were administered by the same qualified
ET RN under medically aseptic conditions in the combined
vascular surgery inpatient and wound clinic setting. Per-
sonal protective equipment, including a face visor, was used
for the aerosol-generating procedure as per local infection
control practices. Local anaesthesia (1% lidocaine hydro-
chloride) was available by local injection prior to the
LFCUD procedure and if they appeared uncomfortable at
any point during their visit.

4.2.2 | Outcomes

Wounds were assessed by a single, trained assessor who
was a Registered Practical Nurse (RPN) familiar with
wound care. This assessor was trained to use the camera to
obtain a good digital image of the wound, use the acetate
tracing system (Visitrak, Smith & Nephew, London, UK),
and evaluate pain using a visual analogue scale (VAS). This
nurse assessor was blinded to treatment allocation and per-
formed weekly assessments prior to any treatments so that
visual cues of group allocation were absent.

4.3 | Wound-healing outcomes

4.3.1 | Wound appearance

Digital images were taken of the wound after treatment with
either LFCUD or UC using a Canon Rebel 300D EOS,
8 megapixel resolution, 60 mm macro lens digital camera
with a ring flash. To obtain high-quality wound images that
were comparable over time, patient set up and wound prepa-
ration were standardised as outlined previously.38 Briefly,
the patient was positioned in a similar fashion in an exami-
nation room that had consistent lighting. Wound dressings
were removed, and the wound was irrigated with normal
saline. A ruler with millimetre graduations was placed
against the peri-ulcer skin and in the same plane as the
wound opening. It was labelled with a date and a de-
identified number that was not linked to the patient or the
treatment number.

Wound appearance was assessed using the Photographic
Wound Assessment Tool (revPWAT),38 which is a pen and
paper tool that is used to systematically assess 8 different
characteristics of the wound base, edges, and peri-ulcer skin
using a digital image of the wound and peri-ulcer skin. Each
of the 8 domains of the revPWAT is ranked on a 4-point
scale with a total revPWAT score ranging from 0, represent-
ing a closed wound, to 32. Previous research has shown that
this assessment tool is valid and reliable on different types
of open wounds.38 A single assessor rated each wound
image using the revPWAT using the instructions pro-
vided.38 Wound images were evaluated in a large group so
that the assessor did not know who had received LFCUD or
how many treatments had been delivered when the photo
was taken.

4.3.2 | Wound size reduction

Wound surface area was determined by tracing the wound
perimeter 3 times onto a multi-layer acetate designed for
single-patient use (Visitrak, Smith & Nephew, London,
UK). Each tracing was then digitised using the previously
validated Visitrak planimetry system39 The average WSA
was calculated from 3 tracings taken from each wound and
then entered into the database. WSA was determined using
acetate tracings after cleansing the wound and before
debridement from Weeks 1 to 12. Tracings were obtained
after the ID physician debridements at Week 0 and Week
5 so that necrotic debris did not obscure the wound edges.

4.3.3 | Wound closure

Wound closure was defined as wound edges apposed and
the absence of exudate on removal of the in-place dressing.
When confirmed by the ET RN, it was recorded as WSA =
0 cm2 in the database.

4.3.4 | Pain and treatment tolerance

Pain intensity was measured using the validated Visual
Analogue Scale (VAS).40

This involved asking the patient to identify the level of
wound pain experienced on a 100 mm ruler with slide indi-
cator, where 0 mm represents no pain and 100 mm repre-
sents the worst pain imaginable. This question was asked by
the blinded RPN assessor at the beginning of every visit
and was reassessed in an identical manner immediately after
treatment by the ET RN. Each assessor recorded their
results independently into the database.

4.3.5 | Adverse reactions and complications

The number and type of lower limb amputations and any
other serious life- or limb-threatening condition were docu-
mented. In addition, the frequency of emergency room visits
and deaths were recorded.

4.3.6 | Statistical analysis

A sample size of 70 participants was calculated based on an
effect size determined when a similar treatment protocol
was administered in a small pilot study.26 We considered a
minimally important difference between healers and non-
healers to be 20% wound area reduction. This estimate was
based on available literature of normally perfused patients11

and was supported by the pilot study data, which demon-
strated a mean wound area reduction of 39.4% with ultra-
sound debridement; 19.4% was considered to be an
optimistic target for non-healing PAD wounds, and so, these
estimations would yield a conservative sample size calcula-
tion. These sample size calculations were reviewed by the
Methods Centre statistician during the approval phase.

Data were analysed using SPSS version 23.0 (SPSS,
IBM Corporation, Armonk, NY). Baseline characteristics
were compared between groups using the x2 Test for
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categorical data and Student’s t-Test for continuous vari-
ables. The wound-healing outcome data of change in wound
surface area (cm2) and total revPWAT scores were calcu-
lated and compared using covariate analysis (ANCOVA) to
adjust for baseline score. A 2-sided P-value of <0.05 was
considered statistically significant. All patients were ana-
lysed in the group to which they were allocated. All missing
data, which included patients who withdrew once treatment
started, were imputed using the last outcome carried for-
ward method.

5 | RESULTS

In total, 103 patients were recruited from December 2013 to
May 2015; however, 12 declined to participate for multiple
reasons (eg, parking costs and frequency of visits), and
21 were screened out during the initial assessment. Of the
21 patients who were screened out, 7 had wounds that were
smaller than 1 cm2 in area; 6 had an exposed bone or ten-
don visible in the wound; 4 were medically unstable; 2 had
pacemaker devices in situ; 1 did not speak English; and
1 was taking immunosuppressive medications due to a pre-
vious renal transplant, making wound healing unlikely (see
Figure 1).

Of the 70 patients who were randomised, 2 patients
withdrew after randomisation but before commencing either
treatment. One patient chose not to continue in the study
(due to concerns about the potential treatment pain), and the
other patient originally assigned to the UC group had
exposed bone after initial sharp debridement and was there-
fore no longer eligible.

In total, 68 patients received either LFCUD plus UC
(n = 32) or UC alone (n = 36). Of these patient,
11 (34.4%) received NPWT in the LFCUD group and
14 (38.9%) in the UC group. Five patients (3 in UC group
and 2 in LFCUD group) withdrew later in the treatment
phase. These patients withdrew for: practical reasons such
as parking costs and frequency of visits (n = 2, UC group);
medical issues, including medical decline to palliative status
(n = 1, LFCUD group); infection requiring toe amputation
(n = 1, UC group); and change of treatment plan initiated
by homecare nurse (n = 1, LFCUD group). In addition to
those who withdrew, 10 patients missed 1 treatment visit
due to scheduling issues (8 patients receiving UC treatment
and 2 patients receiving LFCUD). In total, 16 patients
(23.5%) did not return for evaluation at the 12-wk follow-up
visit, which occurred 7 wk after treatments stopped; 12 of
these patients were in the UC group.

5.1 | Patient characteristics

Patients are described in Table 1. Of the patients in the
study, most were male, and the majority had evidence of
significant vascular disease (having undergone either a

previous angioplasty or bypass procedure or a major or dis-
tal amputation); 47 patients enrolled in the study had diabe-
tes for a mean of 20.5 y and were evenly distributed
between the LFCUD group (n = 22), with a mean of 22 y,
and the UC group (n = 23), with a mean of 19 y duration.
Patients in the LFCUD group had a longer mean duration of
diabetes, longer wound duration, lower haemoglobin, and
fewer bypass graft procedures, but these differences were
not statistically significant. The number of patients receiving
antibiotics in the LFCUD group was 62.5% compared with
66.7% UC, which was not a statistically significant differ-
ence (P = 0.72). There were more patients in the LFCUD
group who had undergone previous trans-metatarsal or digi-
tal amputation procedures, and this was statistically signifi-
cant (x2(1) = 5.88, P = 0.01). Mean ankle brachial pressure
index (ABPI) was significantly lower in the LFCUD group
(0.83, P = 0.03); however, this assessment was performed
on only 25 of 68 included patients.

5.1.1 | Ultrasound debridement treatments

LFCUD was applied in continuous mode at amplitude 5 with
physiological saline flow at 20% until surface debris was
removed and light bleeding response was obtained. The
average length of LFCUD treatment was 2 min and 59 s
(with a range from 19 s to 6 min). Most patients were trea-
ted with the green (gentle) probe (44.0% or the gold (regu-
lar) probe (40.8%). Two patients received a total of
6 treatment episodes with the blue (tunnel shape) probe due
to wound shape (4.8%), and 1 patient received the magenta
(aggressive) probe at 2 visits (1.6%) to treat adherent
slough.

5.2 | Wound-healing outcomes

5.2.1 | Wound appearance (revPWAT score)

We found a greater improvement in wound appearance for
the LFCUD group (adjusted mean = 7.34 (95% CI 5.81-
8.88) compared with the UC group (adjusted mean = 2.98
(95% CI 1.36-4.60), and this difference was statistically sig-
nificant (adjusted mean difference = 4.36 (95% CI 2.07-
6.66), P < 0.01) (Figure 3). After LFCUD treatments,
revPWAT scores assigned by the blinded assessor for the
4 revPWAT domains that evaluated necrotic and granula-
tion tissue amount and type were consistently lower (better).

5.2.2 | Wound size reduction

The LFCUD group showed progression and significant
decline in WSA measurements before and after over the
4 weekly LFCUD treatments (P = <0.01, see Figure 4).
Changes in WSA in the UC group were variable over the
4 wk of treatment, and no significant change over time was
detected (P = 0.93). We found a greater reduction in WSA
after 4 wk of treatment (Week 5) in the LFCUD group
(adjusted mean = 31.63% (95% CI 3.54-59.70) than in the
UC group (adjusted mean = 18.06%, 95% CI −8.42 to
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44.54), but this difference was not statistically significant
(P = 0.48). Wounds measured at the 12-wk follow-up visit
were smaller in the LFCUD group (adjusted mean = 4.83
cm2 (95% CI −10.673 to 1.85) than in the UC group
(adjusted mean = 9.25 cm2 (95% CI −10.56 to 1.74); how-
ever, because of the large variability in initial wound size,
these differences were not statistically different
(t(46) = −1.42, P = 0.16).

5.2.3 | Wound closure

The only 2 patients to achieve wound closure by Week
5 were in the LFCUD group. Of the 47 patients who
attended the 12-wk follow-up visit, there were significantly
more healed wounds in the treatment group (33.3%) com-
pared with the control group (8.3%), x2(1) = 5.75, P = 0.03.
Therefore, the odds ratio for healing with LFCUD was 5.00
(95% CI 1.24 to 20.25) compared with the control group.
The only 2 patients who produced healthy granulation tissue

deemed eligible for wound closure by skin graft were in the
LFCUD treatment group.

5.2.4 | Pain and treatment tolerance

Pain intensity decreased after each of the 4 LFCUD treat-
ment sessions (n = 68). The average reduction in pain
intensity was 9�3 mm (95% CI 3.5 to 15.1, P = 0.003) at
Week 3 and 16�6 mm (95% CI 9.0 to 24.2, P = <0.001) at
Week 2. Pain scores were also lower after the first UC treat-
ment (Week 1), 6.11 mm (95% CI 0.152-12.1, P = 0.04),
but were similar before and after subsequent UC treatments.
Patients receiving LFCUD commonly reported a sensation
of vibration rather than pain and frequently noted that they
were surprised as they had anticipated pain at the first appli-
cation. All patients were informed that local anaesthesia
would be available should the LFCUD or UC procedure be
uncomfortable. Two patients requested local anaesthesia
prior to initial LFCUD treatments but not thereafter. Only

TABLE 1 Demographics of patients in LFCUD and UC groups

Total sample (n = 68) LFCUD (n = 32) UC (n = 36) P-value

Age (years) 65.7 � 10.5 67.2 � 11.5 64.4 � 9.5 0.28

Male 76.5 (52) 75.0 (24) 77.8 (28) 0.79

BMI 26.4 � 5.6 25.1 � 4.8 27.6 � 6.0 0.07

Initial wound area (cm2) 14.6 � 20.2 13.5 � 23.3 15.6 � 17.3 0.68

Wound duration (months) (n = 76) 14.75 � 27.32 17.06 � 36.85 12.57 � 13.57 0.68

Wound location

Toe/toe amputation site 16.2 (11) 15.6 (5) 16.7 (6) 0.91

Mid-foot/plantar 27.9 (19) 31.3 (10) 25.0 (9) 0.57

Heel 20.6 (14) 18.8 (6) 22.2 (8) 0.72

Malleolar 7.4 (5) 9.4 (3) 5.6 (2) 0.66

Leg 27.9 (19) 25.0 (8) 30.6 (11) 0.61

Diabetes 69.1 (47) 71.9 (23) 66.7 (24) 0.64

Duration diabetes (years) (n = 45) 20.56 � 12.30 22.23 � 13.72 18.96 � 10.85 0.38

Anticoagulant medication 64.7 (44) 65.6 (21) 63.9 (23) 0.89

Antibiotic medication 64.7 (44) 62.5 (20) 66.7 (24) 0.72

Haemoglobin (n = 77) 114.21 � 18.99 112.2 � 17.33 116.1 � 20.47 0.41

HbA1C 7.61 � 1.45 7.59 � 1.24 7.63 � 1.65 0.93

Albumin (n = 70) 31.4 � 5.68 30.9 � 6.67 31.84 � 4.65 0.54

NPWT 36.8 (25) 34.4 (11) 38.9 (14) 0.70

ABPI (n = 25) 0.92 � 2.34 0.83 � 0.19 1.03 � 0.25 0.03*

Arterial insufficiency n = 60 n = 29 n = 31

Pedal pulse present a 18.3 (11) 13.8 (4) 22.6 (7) 0.42

Angioplasty 55.0 (33) 55.2 (16) 54.8 (17) 0.98

Bypass graft 33.3 (20) 27.6 (8) 38.7 (12) 0.36

Prior amputation:

Major: (transtibial/transfemoral) 11.7 (7) 6.9 (2) 16.1 (5) 0.43

Distal: (pedal/digital) 30.0 (18) 44.8 (13) 16.1 (5) 0.02**

Abbreviations: BMI, body mass index; HbA1C, glycated haemoglobin; LFCUD, low-frequency (22.5 kHz) contact ultrasound debridement; NPWT, receiving negative
pressure wound therapy to wound; UC, usual care. Unless otherwise stated, values are expressed as mean � Standard Deviation, with range in parentheses, or percent-
age (n).

a Pedal Pulse Palpable = Dorsalis Pedis and/or Posterior Tibial pedal pulse palpable in affected limb.

*Statistically significant difference but partial sample only: t(23)=−2.270, P = 0.033, n = 25. **Statistically significant difference: x2 (1) = 5.88, P = 0.015.
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1 patient requested a local anaesthetic for the initial
2 LFCUD treatments and found no need to continue by the
third treatment. Many patients in the LFCUD group
reported they believed the treatment was improving their
wound, and 1 patient reported restored sensation in his fore-
foot that had been absent for an extended time. There was
minimal bleeding with ultrasound debridement despite most
patients receiving anticoagulant therapy.

5.2.5 | Adverse reactions and complications

Adverse events in this high-risk population were surpris-
ingly rare, and none were related to treatment. In total, there
were 12 adverse events that were equally distributed
between groups. In the LFCUD group, there were: 2 new
infections; 1 arterial occlusion requiring admission to hospi-
tal for angioplasty; 1 dressing reaction; 1 burn injury from a
house fire; and 1 death, which occurred several weeks after
treatment had concluded. In the UC group, 4 patients devel-
oped new wound infections; 1 patient developed an infec-
tion requiring toe amputation; and 1 patient developed a
medication-related rash. There were no episodes of exces-
sive bleeding. A similar proportion of patients in each treat-
ment group had wounds that increased in size between
initial visit and the following 12 wk (21.9% LFCUD: 27.8%
UC group).

As per the REB requirements, all complications were
reported to the Data Safety Monitoring Board and were later
deemed unrelated to the device by both the infectious dis-
ease specialist and vascular surgeons.

6 | DISCUSSION

The results of this study demonstrate that 4 weekly LFCUD
treatments produced better-quality granulation tissue and a
lower proportion of necrotic tissue present in the wound
base of vasculopathic wounds. These changes in wound
appearance were reflected in a significantly lower total

FIGURE 3 Change in wound appearance (Week
0 to Week 5). Abbreviations: LFCUD, low-
frequency contact ultrasound debridement; UC,
usual care; revPWAT, revised photographic wound
assessment tool. *Change in wound appearance was
significantly greater in the LFCUD group post-
treatment (Week 5) after controlling for baseline
revPWAT score (P = <0.01)

FIGURE 4 Percentage change in wound size from baseline.
Abbreviations: LFCUD, low-frequency contact ultrasound debridement;
UC, usual care. (Baseline wound surface area (WSA) = 100%). Linear
trend in WSA reduction was significant (P = <0.01) for LFCUD group
during treatment period (Week 0 to Week 5) but not significant for UC;
P = (0.935) as adjusted not assuming equal variances
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revPWAT score in LFCUD compared with UC-treated
wounds. In addition, we found that wound surface area
decreased significantly after LFCUD but not UC treatment.
A significantly greater number of wounds closed in patients
who received LFCUD, with an odds ratio of 5.00 (95% CI
1.24-20.25), compared with UC. These improved healing
outcomes were achieved in a very challenging group of
patients with significant vascular disease. Complication
rates over the 12-wk observation period were similar
between groups (in 6 of 68 patients). LFCUD was well tol-
erated, did not induce additional pain, and was not associ-
ated with any treatment-related adverse events.

Our findings show that applying LFCUD results in a
significant improvement of wound appearance. Specifi-
cally, there was less necrotic tissue and improved granula-
tion tissue appearance after LFCUD treatment. We used
the PWAT to detect these improvements in wound appear-
ance. PWAT was designed to detect changes in wound
base and edges that occur when wounds heal. It has been
validated on all types of wounds and has shown to have
excellent intra- and inter-rater reliability and concurrent
validity.38 This is the first time such a systematic approach
was undertaken to describe changes in wound appearance
after LFCUD. Herberger and colleagues reported that
LFCUD produced a subjective improvement in wound
appearance that was similar to that produced by surgical
wound debridement�41

This study also represents the first rigorous evaluation
of the use of LFCUD to treat wounds occurring in patients
with significant vasculopathy. LFCUD has been used previ-
ously in patients with diabetic foot ulcers with osteomyelitis
and other types of wounds�32,41,42 While other reports have
used similar technology to hasten wound healing, this study
is the first to complete a well-controlled clinical trial with
calculated sample size that had the power to detect a differ-
ence in healing outcomes between groups. Given the nature
of the study design, we feel confident suggesting that
weekly LFCUD treatments produced better healing out-
comes in the challenging patients serviced by this tertiary
care service. Having treatment options for patients with
long-standing arterial and/or venous disease is important
clinically as this group of patients is often excluded from
most clinical trials, and debridement is often considered
contraindicated or reserved for only highly skilled clinicians
or surgeons.

The mean percentage wound surface area reduction at
12 wk was 47.23% (SD = 51.85) of the initial size when
wounds received 4 weekly treatments of LFCUD. This heal-
ing rate is impressive considering the extensive vascular
pathology present in the subjects included in this study. The
average change in wound size was similar to that reported
previously in a small pilot study group, 39.4%. Although
the mean percentage wound surface area reduction in the
UC group was lower, at 19.51% (SD = 137.16), it did not
achieve statistical significance. Our inability to detect a

statistical difference between LFCUD and the control group
was likely due to the large variability in healing response
seen in the group that received traditional wound care.

It is also possible that greater differences between
groups would have been revealed if LFCUD treatments con-
tinued for a few more weeks. The LFCUD treatment sched-
ule used in the present study was selected after review of
existing research and considering what would be feasible
for this patient group. A previous study showed that
LFCUD treatments (25 kHz) applied in weekly intervals, as
necessary, to diabetic foot ulcers with osteomyelitis acceler-
ated wound healing at 2- and 3-mo time points�43 Another
uncontrolled study involving 10 patients with chronic leg
ulcers of mixed aetiologies with an average 20-mo duration
reported that LFCUD produced wound closure in over 33%
of patients within 5 treatments and was especially useful for
skin graft preparation.42 The ideal timing between LFCUD
treatments has yet to be determined. Even though it is
known that an increase of conventional sharp debridement
sessions promotes wound contraction,13 there is no consen-
sus on the best schedule with that method to achieve the
greatest effect. A more frequent or prolonged treatment
schedule would not likely be feasible for patients in this
vascular service who are typically reviewed in clinic on a
monthly basis. As it was, 16 patients, the majority in the
UC group, did not attend the 12-wk follow-up visit.

Procedural-related pain after debridement is a common
side effect of sharp debridement, which often necessitates
the use of local anaesthesia. However, we found that pain
was significantly reduced in the LFCUD group after each
debridement experience. This is encouraging as anxiety and
stress are known to interfere with healing�44 Our findings
reflect those of previous researchers, who have found that
patients with chronic leg ulcers treated with LFCUD
reported little pain42 and that LFCUD was less painful than
surgical debridement�41 This finding confirms our previous
results from the pilot study and suggests that the LFCUD is
well tolerated in a vasculopathic population and may be less
painful than current usual practice�

Our data did not allow us to confirm if LFCUD treat-
ments were associated with lower occurrence or recurrence
of wound infection or biofilms. New infections during the
treatment period were extremely rare. This is likely because
the ID physician who assessed patients at the initial assess-
ment prescribed antibiotics to those he felt had or were at
risk of infection. Furthermore, all patients underwent an
extensive sharp debridement procedure that removed all
necrotic or devitalised tissue in the wound base when they
entered the study. This judicious approach used to manage
wound bioburden that is UC in this facility was likely
responsible for the low incidence of new infections and
other complications observed in this group of high-risk
patients.

Experimental research suggests that ultrasound may
have direct bactericidal effects on common wound
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pathogens. Schoenbach and Song found that 5 min of low-
frequency ultrasound (20 kHz) applied via a water bath to
septic burn wounds of rats decreased Pseudomonas Aerugi-
nosa bacteria and resulted in greater graft survival and
wound reepithelialisation.45 These positive outcomes were
in contrast to those in the control group that had a 25%
death rate due to complications associated with sepsis. Fur-
thermore, bacterial biofilms have been found to be more
susceptible to the antibiotic gentamicin when low-frequency
ultrasound was applied46 Low-frequency ultrasound disman-
tles the protective blocking effect of Pseudomonas aerugi-
nosa and more than doubles the transport of gentamicin
through Escherichia coli biofilms�47 Thus, ultrasound
administered along with systemic antibiotics48 may have a
synergistic effect on wound bioburden by making biofilm
bacteria vulnerable to antibiotic penetration and speeding up
bacterial metabolism.49

In addition to removing a potential medium for bacterial
proliferation, ultrasound has been shown to stimulate sev-
eral cells involved in wound-healing processes, including
angiogenesis, inflammation, and collagen synthesis. 23–26 In
addition, sonication of injured tissue is known to increase
vasodilation, local blood flow, oxygenation,27 and improve
the quality of granulation tissue.25,28 More recently, ultra-
sound has been cited to promote cell migration mechanisms
and cell adhesion, which are critically necessary in wound
healing�29

6.1 | Limitations

Patients recruited to this study had a variety of wound aeti-
ologies, including venous leg ulcers, arterial wounds, and
diabetic foot wounds. While it may have been preferable to
restrict the sample to a particular wound aetiology, it was
considered unlikely that sufficient participants could be
recruited within the catchment area to permit analysis. We
were pleased that our sample was representative of a typical
vascular surgery department population, which was clini-
cally relevant.

The number of patients recruited to this study was based
on a sample size calculation derived from expected healing
rates obtained in a small pilot study. While this approach
determines whether studies have ample power to detect dif-
ferences between study outcomes, it did not result in signifi-
cant differences in all wound-healing outcomes. Recruiting
additional patients could have resulted in more conclusive
and consistent findings.

We were unable to blind the participants to treatment
allocation. As patients knew when they received LFCUD
treatment, their perceived pain after treatment may have
been influenced by knowing they were receiving a “newer
therapy”. We did see a proportionally higher rate of missed
appointments in those patients assigned to the UC group, an
unfortunate result likely due to unblinded treatment groups.

Additionally, the ET RN who provided the LFCUD
treatments could not be blinded. Rather, we made sure all
assessments were carried out by a single blinded assessor,
and we incorporated objective, standardised study outcomes
that are free of bias. In addition, changes in wound appear-
ance were assessed on wound photographs that were de-
identified so that the ET RN could not tell the treatment
group or the timing of the assessment.

Concurrent wound treatments, including the use of sil-
ver alginate dressings or NPWT, may have affected healing
outcomes. All patients also received regular dressing
changes administered using a publically funded home care
system. Any 1 of these interventions could affect healing
outcomes. We tried to reduce this confounding variable by
having similar UC administered to both treatment groups.

7 | CONCLUSION

We found that 4 weekly LFCUD treatments added to UC
significantly improved wound appearance and produced
reductions in wound size that were not detected in a similar
group of patients receiving only UC. This improved wound-
healing outcomes in a complex patient group with signifi-
cant vascular compromise without increasing their compli-
cation rate and with few and minor adverse events. .

7.1 | Clinical implications and future research

Our study suggests that LFCUD is a safe and efficient
method of wound preparation, which is well-tolerated and
feasible to apply by the ET RN in a tertiary care vascular
wound clinic. We also found that LFCUD is a feasible and
well-tolerated method of debridement for a vulnerable popu-
lation with vascular disease who do not have a plethora of
treatment options. Producing improvements in the quality of
tissue in the wound bed of these patients may also make
these individuals more eligible for wound closure by skin
graft. Additionally, LFCUD may improve access to debride-
ment procedures as it was found to be well-tolerated, with-
out the need of local anaesthesia, and was feasible for
application by non-surgical providers within an outpatient
setting.

A major benefit of LFCUD is the ease of application by
a non-physician. Debridement requires specific knowledge
and skills and carries inherent risks, which prohibit the
availability of the procedure in many areas of practice. Fur-
thermore, there are gaps in education delivery and policy,
with few definitive protocols available.20 In a supported
environment, the availability of nurse-applied LFCUD
allowed for improved access to care. This benefit was also
described for the nurse-applied LFCUD treatment of a peri-
stomal wound, which allowed for an earlier skin graft and
decreased hospital stay.50
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Importantly, we believe that high-risk populations with
vascular disease should be included in future LFCUD trials.
Future research is needed to determine if better healing out-
comes or reduced infection may be attained with increased
applications over an extended time.
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