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Abstract

Background: Musculoskeletal injuries account for 10 million work-limited days per year and often lead to both acute
and/or chronic pain, and increased chances of re-injury or permanent disability. Conservative treatment options
include various modalities, nonsteroidal anti-inflammatory drugs, and physical rehabilitation programs. Sustained
Acoustic Medicine is an emerging prescription home-use mechanotransductive device to stimulate cellular prolifera-
tion, increase microstreaming and cavitation in situ, and to increase tissue profusion and permeability. This research
aims to summarize the clinical evidence on Sustained Acoustic Medicine and measurable outcomes in the literature.

Methods: A systematic literature review was conducted using PubMed, EBSCOhost, Academic Search Complete,
Google Scholar and ClinicalTrials.gov to identify studies evaluating the effects of Sustained Acoustic Medicine on the
musculoskeletal system of humans. Articles identified were selected based on inclusion criteria and scored on the
Downs and Black checklist. Study design, clinical outcomes and primary findings were extracted from included stud-
ies for synthesis and meta-analysis statistics.

Results: A total of three hundred and seventy-two participants (372) were included in the thirteen clinical research
studies reviewed including five (5) level |, four (4) level Il and four (4) level IV studies. Sixty-seven (67) participants with
neck and back myofascial pain and injury, one hundred and fifty-six (156) participants with moderate to severe knee
pain and radiographically confirmed knee osteoarthritis (Kellgren—Lawrence grade II/1ll), and one hundred forty-nine
(149) participants with generalized soft-tissue injury of the elbow, shoulder, back and ankle with limited function.
Primary outcomes included daily change in pain intensity, change in Western Ontario McMaster Osteoarthritis Ques-
tionnaire, change in Global Rate of Change, and functional outcome measures including dynamometry, grip strength,
range-of-motion, and diathermic heating (temperature measurement).

Conclusion: Sustained Acoustic Medicine treatment provides tissue heating and tissue recovery, improved patient
function and reduction of pain. When patients failed to respond to physical therapy, Sustained Acoustic Medicine
proved to be a useful adjunct to facilitate healing and return to work. As a non-invasive and non-narcotic treatment
option with an excellent safety profile, Sustained Acoustic Medicine may be considered a good therapeutic option for
practitioners.

Key points
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(20-87%) were reported in n=9 and n=6 studies,
respectively on Sustained Acoustic Medicine.

« In addition to measurable clinical outcomes reported
in the literature, n=2 studies reported on vigorous
therapeutic heat (A4 °C to A12 °C) and n=1 study
on biological clearance of lactic acid from Sustained
Acoustic Medicine treatment in human participants.

«+ Clinical evidence, health economic cost effectiveness
and health provider positive opinions on Sustained
Acoustic Medicine support treatment utilization in
musculoskeletal conditions such as Osteoarthritis,
tendinopathy, and myofascial pain.

Introduction

Musculoskeletal pain is a common issue experienced
by most of the general population at some point over
the lifetime [1]. Chronic musculoskeletal pain affects
20-33% of the world population, approximately 1.71 bil-
lion people [2]. Musculoskeletal pain is defined as acute
or chronic pain affecting bones, muscles, tendons, liga-
ments, and nerves. Chronic pain can significantly affect
daily activities, quality of life while promoting disability
resulting in staggering health costs. It is estimated that
the US spends $240 billion annually on musculoskeletal
pain-related medical care. Back pain is the most com-
mon musculoskeletal pain [3—5]. Approximately 70-80%
of Americans will experience back pain in their lifetime.
Back pain is the fifth leading cause of hospitalization [4,
5]. Chronic musculoskeletal pain is most common in the
older population. Osteoarthritis, a significant cause of
joint pain, affects more than one-third of people above
age 60 [6]. Musculoskeletal pain is also highly prevalent
in athletes and military personnel dealing with strains,
sprains, and fractures [7].

Musculoskeletal pain can be caused by a variety of
conditions including maximal or submaximal concen-
tric contractions, joint contractures, and direct trauma,
leading to the abnormal release of acetylcholine result-
ing in increased tension, blood flow restriction, inflam-
mation, and tissue damage [8—13]. A combination of
pharmacological and nonpharmacological intervention
is used to treat musculoskeletal pain [14, 15]. Typical
pharmacological regimens include nonsteroidal anti-
inflammatory drugs (NSAIDs), opioids, and adjunctive
analgesics. The long-term use of NSAIDs has adverse
systemic effects [16—19]. The use of opioids is short to
medium-term in pain treatment with the significant
danger of addiction and potential overuse leading to
death [20, 21]. Further, adjuvant analgesics including
anticonvulsants, anti-depressants, and anxiolytics are
increasingly used for chronic musculoskeletal pain [22,
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23]. Nonpharmacological approaches include physical
modalities, cryotherapy, heat therapy, therapeutic exer-
cises, and acupuncture frequently coupled to medica-
tion usage [24—-36].

Recently, noninvasive nonpharmacological treat-
ments such as transcutaneous nerve stimulation ther-
apy (TENS), laser, and ultrasound therapy have been
added to treatment regimens as standalone or adjunc-
tive therapies [37—-47]. TENS acts through inhibition of
Ap-fibers activated pain [42, 43], laser therapy actives
cellular metabolism, increasing growth factor pro-
duction and matrix production. Ultrasound therapy
mechanically and thermally actives the targeted tissue
to modulate pain [37, 41, 46—49].

The Food and Drug Administration (FDA) in March
2020 approved Sustained Acoustic Medicine (SAM,
ZetrOZ System LLC, FDA 510(k) #K191568, Class II,
Medical Device) for prescription home use to treat
pain, increase local circulation and improve joint func-
tion [49]. SAM utilizes high-frequency, low-intensity
continuous ultrasound at 3 MHz with 0.132 mW/cm?
intensity delivering 18,720 J over 4 h of the treatment
[50-52]. The SAM device allows for the long duration
delivery of ultrasound stimulation to facilitate the heal-
ing of injured musculoskeletal tissue in the home of
the patient [50, 53, 54]. SAM has mechanotransduc-
tive and diametric effects at the tissue and molecular
level utilizing acoustic forces that have short and long-
term effectiveness [51]. The diathermic effects increase
blood flow to the target site, reduce local inflammation,
increase blood flow, promote vasodilation, eliminate
damaged tissue, and enhance exchange of nutrients
[55]. The ultrasound mechanotransduction process
actives the transmembrane ionic channels and regulate
the cellular metabolism [56—58]. The intracellular FAK/
NF-kB/P13K/MAPK pathways are also activated with
stimulation leading to cellular proliferation, migra-
tion [59-61]. Collectively the long-duration ultrasound
treatment provided by SAM pass deep into the tissue,
increasing vessel diameter and blood flow at the injury
site (Fig. 1C). The acoustic force increases the perme-
ability of capillary epithelial walls and matrix, allow-
ing the release of nutrients and removing cytokines
and damaged tissue (Fig. 1B). Long-term application of
SAM augments the healing process by increasing cel-
lular proliferation rate (Fig. 1A).

This systematic review and meta-analysis aim to sum-
marize the clinical effects of SAM treatment on muscu-
loskeletal injuries including diathermy (tissue heating),
functional outcomes (strength and range of motion),
quality of life, pain reduction, and safety profile of the
intervention.
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Fig. 1 A Ultrasound increases cellular proliferation, tissue regeneration, and vascularity. These mechanisms are active daily over 4 h to upregulate
healing, reduce inflammation and pain. B Ultrasound increases capillary permeability, increase nutrient exchange, oxygenation, and matrix
relaxation at the site of injury, C ultrasound increases the vasodilation (vessels diameter), oxygenation, blood flow, and extends collagen fibers
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Methods

Protocol

This systematic review and meta-analysis were per-
formed and reported in accordance with the guidelines
described by The PRISM A 2020 statement [62].

Inclusion criteria

Studies were included if they applied SAM treatment
to human participants (aged 18 and over) with insti-
tutional review board approval or exemption; and if
they were published in English, original research or

peer-reviewed, related to the musculoskeletal treat-
ment (musculoskeletal injuries, musculoskeletal pain,
pre or post operative rehabilitation, mechanistic bio-
logical stimulation, or human-factor usability); level
IV (case cohort) or higher evidence based on Levels of
Evidence, Oxford Centre for Evidence-Based Medicine,
2009; used validated outcome measurement methods
(musculoskeletal pain, musculoskeletal function, mus-
culoskeletal biological measures, musculoskeletal heat-
ing, therapeutic complications and/or adverse events);
included study designs of comparative, case cohort or
qualitative studies.
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Search strategy

Relevant literature was searched to identify studies of
level IV or higher (Oxford Centre) measuring clinical
benefit of the SAM device in clinical research applica-
tions up to 09/10/2021. Measurable clinical outcomes
included: pain, function, tissue-heating (diathermy),
strength, recovery, and return to work. The PRISMA
flow diagram for identifying relevant research is shown
in Fig. 2. PubMed, EBSCOhost, Academic Search Com-
plete, Google Scholar and ClinicalTrials.gov search
engines and databases were queried with the search
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terms used for identifying studies: “Sustained Acoustic
Medicine” OR “SAM” (n=62), “Low-Intensity Therapeu-
tic Ultrasound” OR “LITUS” (n=160), “Low-Intensity
Continuous Ultrasound” OR “LICUS” (n=120), “Wear-
able Therapeutic Ultrasound” (n=20), “Low-Intensity
Wearable Ultrasound” (n=7). The search was limited to
2011-2021, i.e., the last ten years. Combination of search
terms with “AND” and “OR’; along with a review of refer-
ences cited within identified studies and related articles
was used to uncover all relevant literature on Sustained
Acoustic Medicine treatment.
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Fig. 2 PRISMA flow diagram for identification, screening, eligibility and included articles in SAM clinical study analysis
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Study selection
All references were exported, and duplicates removed.
Two investigators (SW, TB) screened titles and abstracts
as per the inclusion criteria and retrieved full text for
further analysis. Disagreements were resolved by a third
reviewer (AU).

Data collection process

The two investigators (SW and TB) independently
extracted data from the selected studies and complied
them into tables. The data collected included study char-
acteristics (authors, date of publication, study design and
clinical registration), study musculoskeletal focus area
(body location, injury type, condition treated), and vari-
ables associated with measurable outcomes (pain, func-
tion, quality of life, diathermy, return-to-work, adverse
events, safety profile and participant satisfaction).
Extractable variables were pooled and stratified to simi-
lar conditions on reported outcomes in the literature for
synthesis.

Risk of bias and quality of evidence assessment

A total of 362 records were identified and a total of n=13
clinical studies including five (5) level I, four (4) level II
and four (4) level IV studies were selected for assessment.
The quality of each selected study was scored by two
investigators (SW and TB) using the Downs and Black
checKklist [63] and investigator (AU) was consulted in the
cases of discrepancy. The Downs and Black 27 question
check list has a maximum score of 28 points and provides
detailed quality evaluation of randomized controlled
and non-controlled studies for external validity, internal
validity, and power. Downs and Black quality scores were
tabulated for all studies based on the following tiers (poor
quality < 14, fair quality 14-18, good quality 19-23 and
excellent quality > 23).

Synthesis of results

Two authors (SW and TB) completed the analysis using
both Microsoft Excel (Microsoft, USA) and Review Man-
ager Version 5.4 (The Cochrane Collaboration, Den-
mark). A fixed effects meta-analysis with standardized
mean difference (SMD) statistics was used to analyze
the results where two or more controlled studies could
be analyzed. The I? statistic was used to assess study
heterogeneity within the meta-analysis. Analysis was
conducted on studies grouped by body location and con-
dition being treated, and according to outcomes measure
(pain, health improvement and tissue heating). Given the
limited evidence uncovered (13 studies) and variability in
design amongst the studies (joint, tendon and soft tissue
pain; function elbow, knee, and ankle; soft-tissue health
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improvement, deep heating of muscle tissues, biologi-
cal measures of lactic acid), data groupings were made
according to time points analyzed and reported and
standardized for comparison controls where available. In
cases where it was not possible to undertake meta-anal-
ysis such as limited evidence for a specified comparison
(lack of a control group) and/or only one study available
on an outcome, data was extracted into tables and main
findings reported.

Results

Study selection

The PRISMA flow diagram is shown in Fig. 2. The search
strategy yielded a total of 362 citations from the four
search engines and clinical trial databases. No addi-
tional included studies were retrieved from other sources
including references lists, related articles, manual search-
ing or Cochrane library and EMBASE databases. After
removing the 320 duplicates uncovered, 42 citations
were screened by reading the study abstract. The remain-
ing 13 relevant records were then analyzed for eligibility
based on full text availability and inclusion criteria. The
thirteen (13) clinical studies meeting inclusion criteria
were divided as follows: upper shoulder, neck and back
(Table 1), knee joint (Table 2), and soft tissue injuries of
the musculoskeletal system (Table 3).

Upper neck, back and shoulder conditions

Study characteristics and participants

The study characteristics and participants for upper neck,
back and shoulder conditions are reported in Table 1.
The three eligible studies comprised two randomized
controlled trials (RCTs) [53, 64] and one prospective
non-randomized study [65]. Two of the three studies
compared an intervention group (SAM) with a placebo
control group (Non-Functioning Device) in the treatment
of upper back myofascial pain and upper shoulder and
neck pain, and one study evaluate SAM in a case cohort
on rotator cuff tendinopathy. Among the included studies,
two were single center conducted in the United States [53,
65]. One was a multicenter trial conducted in the United
States [64]. The included studies involved a total of 67
participants who received SAM treatment in additional to
usual care for musculoskeletal injury or pain. One study
included patients 40-60 years of age with chronic tra-
pezius myofascial pain [53], one study included younger
30-36 years of age patients with episodic upper shoulder
and neck pain [64], and another study on shoulder tendi-
nopathy included patients over 40 years of age [65]. Both
men and women were equally represented in the include
studies (31 males, 32 females, 5 unreported).
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Study intervention characteristics

The characteristics and methodology of SAM treatment
for upper neck back and shoulder conditions are reported
in Table 1. Two studies applied SAM treatment with one
ultrasound delivery head operating at 2.5-3 MHz, 0.44—
0.65 W and 89.6-90 mW/cm? for 1-4 h, respectively
[53, 65]. One study applied two SAM ultrasound deliv-
ery heads operating at 3 MHz, 1.3 W (0.65 W each), 132
mW/cm? for 4 h [64]. SAM treatment was applied during
heightened or breakthrough pain in two studies [53, 64],
and on a daily treatment regimen for shoulder injury in
the other study [65]. All three studies used SAM for at
least 10 treatment sessions over a course of two weeks,
and one study applied the intervention for 4 weeks [64].

Level of evidence and quality of studies

The level of evidence and quality assessment of the stud-
ies is shown in Table 1. One study was considered poor
quality [65], one study of good quality [53] and one study
of excellent quality [64]. Two RCTs blinded evaluators
and subjects, and clearly reported objectives, described
the outcomes to be measured and the main findings [53,
64].

Study outcomes and main findings

The primary outcomes and main findings from the
included studies are shown in Table 1. Pain reduction
using the visual analog scale (VAS 1-100 mm) or numeric
rating scale (NRS 0-10), and overall health improvement
using the global rate of change scale (GROC: —7 to +7)
were evaluated in all included studies and supported
meta-analysis. Lewis et al. [53] in a 30 subject RCT on
myofascial pain reported a 200% reduction in pain (16%
vs. 7.5% p <0.05) compared to placebo, and a 60% GROC
improvement over the placebo group after 10 SAM treat-
ment sessions (p <0.05). In the pilot study by Lewis et al.
[65] 5 patients with rotator cuff tendinopathy reported
a 30% reduction in pain and a 52% improvement in the
GROC after 12 SAM treatment session (p <0.05). In a 33
subject RCT on upper neck and shoulder pain conducted
by Petterson et al. [64] pain was reduced by 2.61 points
(46.6%) for SAM treatment patients (p <0.001) and a 1.03
points decrease over placebo (p=0.003) after 4 weeks
of intervention. Petterson et al. [64] also reported a
2.84 point GROC improvement over placebo treatment
(p<0.001).

The meta-analysis and forest plot of SAM treat-
ment outcomes on pain and global health improvement
compared to placebo treatment are shown in Fig. 3 for
upper back, neck, and shoulder conditions. The avail-
ability of two randomized controlled trials provided a
Pain Reduction (SMD 0.82; 95% CI 0.25-1.40; I*>=0%;
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n=63) and Global Health Improvement (SMD 1.40; 95%
CI 0.79-2.02; 1*=25%; n=63). There were significant
between-group differences found in pain (p=0.005) and
health improvement (p<0.0001) with low heterogene-
ity between studies (I* values <25%). The two studies in
these outcomes were graded as good to excellent [53, 64].

The knee joint

Study characteristics and participants

The study characteristics and participants for knee joint
conditions treated by SAM are reported in Table 2. The
four eligible studies comprised two randomized controlled
trials (RCTs) [51, 52] one prospective multi-site non-ran-
domized study [66] and two combined pilot studies [67].
Three of the four studies compared an intervention group
(SAM) with a placebo control group (Non-Functioning
Device) in the treatment of mild to moderate grade knee
Osteoarthritis on clinically validated scales (Kellgren
and Lawrence system for classification of osteoarthritis
or Osteoarthritis Research Society International Scale).
Among the included studies, three were single center [51,
52, 67] and one was a multicenter trial [66] all conducted
in the United States. The included studies involved a total
of 156 subjects who received SAM treatment in addi-
tional to usual care for knee joint pain. All studies included
patients 35—85 years of age with chronic knee Osteoarthri-
tis pain and radiographic diagnosis. Men represented 57%
and women 43% of the described study populations across
the four studies (41 males, 31 females, 66 unreported).

Study intervention characteristics

The characteristics and methodology of SAM treatment
for knee joint pain related to Osteoarthritis is shown
in Table 2. All four studies applied SAM treatment at
3 MHz, 132 mW/cm? for 4 h daily [51, 52, 66, 67]. One
study applied one SAM ultrasound delivery head operat-
ing delivering 0.65 W of energy [67], the other three stud-
ies applied SAM treatment with two ultrasound delivery
heads operating at 1.3 W over for 4 h [51, 52, 66]. One
study utilized a 1% diclofenac ultrasound coupling gel
with the intervention [66]. SAM treatment was applied
to the knee daily with patients reporting baseline pain
scores from 3 to 7 on the 10-point scale. Three studies
applied SAM for at least 6 weeks of treatment [51, 52, 67]
and one study applied SAM for one week of treatment
[66].

Level of evidence and quality of studies

The level of evidence and quality assessment of the stud-
ies is shown in Table 2. One study was poor quality [51],
one study was fair quality [67], one study was good qual-
ity [66] and one study of excellent quality [52]. Two RCTs
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A- SAM Treatment Placebo Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI Year IV, Fixed, 95% CI
Lewis (myofascial pain) 2013 16 7.5 20 75 7.5 10 49.5% 1.10[0.29, 1.92] 2013 —i—
Lewis (rotator cuff tendinopathy) 2013 30 6 5 0 0 0 Not estimable 2013
Petterson 2020 466 28.7 25 29 39.1 8 50.5% 0.55[-0.26, 1.36] 2020 T
Total (95% Cl) 50 18 100.0% 0.82 [0.25, 1.40] P
Heterogeneity: Chi? = 0.90, df = 1 (P = 0.34); 2= 0% i‘ :2 0 5 i
Test for overall effect: Z = 2.81 (P = 0.005) Favours Placebo Favours SAM Treatment
B. Placebo SAM Treatment Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD_Total Weight IV, Fixed, 95% CI Year IV, Fixed, 95% CI
Lewis (myofascial pain) 2013 057 012 20 036 0.1 10  46.6% 1.79[0.89, 2.69] 2013 —a—
Lewis (rotator cuff tendinopathy) 2013 3.22 0.62 5 0 0 0 Not estimable 2013
Petterson 2020 2.84 221 25 046 2.08 8 53.4% 1.06 [0.22, 1.91] 2020 ——
Total (95% Cl) 50 18 100.0% 1.40 [0.79, 2.02] <
Heterogeneity: Chi? = 1.34, df = 1 (P = 0.25); I = 25% » 5 s 5 ;

Test for overall effect: Z = 4.47 (P < 0.00001)

Favours Placebo Favours SAM Treatment

Fig. 3 Forest plot of pain and health improvement measures comparing SAM Treatment vs. placebo A SAM treatment provides significant
reduction of pain (p=10.005). B SAM provides significant improvement in health quality (p <0.00001)

blinded evaluators and subjects, and clearly reported
objectives, described the outcomes to be measured and
the main findings [51, 52]. Two studies lacked detail and
were preliminary pilot studies or short reports on regis-
tered studies [51, 67].

Study outcomes and main findings

The primary outcomes and main findings from the
included knee joint studies are shown in Table 2. Pain
reduction using the visual analog scale (VAS 1-100 mm)
or numeric rating scale (NRS 0-10) was used in all four
studies. Knee joint functional improvement using The
Western Ontario and McMaster Universities Arthri-
tis Index (WOMAC: 0-960 scale including 24 ques-
tions related to pain, stiffness, and function) score was
applied across two studies [52, 66], and range of joint
motion was evaluated in one study [52]. The study con-
ducted by Langer et al. 2014 showed the initial usability
of SAM treatment for knee OA [67]. Patients, on aver-
age, reported a 52% reduction in the pain score from
baseline with no adverse effects and 95% satisfaction of
treatment (p <0.05). Langer et al. 2015 in a clinical review
on SAM, reported results of a 47 subject randomized

placebo-controlled study evaluating treatment on Knee
Osteoarthritis [51]. Over 6 weeks, SAM reduced pain
on the VAS by 2.5 points which was statistically differ-
ent from the 1.23-point decrease of the placebo group
(p<0.03). A 90-subject double-blinded, placebo-con-
trolled study by Draper et al. 2018 reported a 1.96-point
decrease in NRS pain relative to placebo treatment
(p<0.01) [52]. WOMAC function, stiffness and pain
score improved by 505 points for the SAM treatment
group (p<0.01). In a 32 patient multicenter study on knee
Osteoarthritis, Madzia et al. [66] reported 2.06 -point
50% pain decrease in the entire cohort (p<0.001) and
2.96-point 75% pain decrease in responders (p<0.001).
The WOMAC score improved by 351 points in the
entire population (p<0.001) and 510 points (p<0.001)
in the rapid responder cohort. A high usability rate over
95% patient satisfaction and no adverse events were also
reported.

The meta-analysis and forest plot of SAM treatment
outcomes on pain reduction compared to placebo treat-
ment are shown in Fig. 4 for the knee joint. The avail-
ability of two randomized controlled trials and one
controlled pilot study provided a Pain Reduction (SMD

SAM Treatment Placebo Std. Mean Difference Std. Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI Year IV, Fixed, 95% CI
Langer 2014 447 263 16 26.3 333 3 8.5% 0.65[-0.61, 1.90] 2014 ]
Langer 2015 39 8 28 16 7 19 18.3% 2.97 [2.11, 3.83] 2015 — %
Draper 2018 354 429 55 162 445 35 73.1% 0.44[0.01,0.87] 2018 il
Madzia 2020 50.7 589 32 0 0 0 Not estimable 2020
Total (95% Cl) 131 57 100.0% 0.92 [0.55, 1.29] ’
Heterogeneity: Chi? = 27.07, df = 2 (P < 0.00001); |2 = 93% 4 2 0 2 i

Test for overall effect: Z = 4.92 (P < 0.00001)

Favours Placebo Favours SAM Treatment

Fig. 4 Forest plot of knee Osteoarthritis pain reduction from SAM Treatment vs. placebo. SAM treatment provides significant reduction of pain

(p<0.00001)
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0.92; 95% CI 0.55-1.29; I*=93%; n=63). There were
significant between-group differences found in pain
(p<0.00001). The included studies had high heterogene-
ity (I* values > 50%) which was not meaningfully reduced
by exclusion of a data set. The three studies included in
these outcomes were graded as poor to excellent quality.
Other measures such as WOMAC were not sufficiently
available to conduct analysis on.

Patient-self treatment and soft tissue injuries

Study characteristics and participants

The study characteristics and participants for patient-
self-treatment and soft tissue injuries treated by SAM
are reported in Table 3. The six eligible studies com-
prised two randomized controlled trials (RCTs) [55, 68],
three clinical case series [50, 69, 70] and one safety and
usability study [71]. Two of the six studies compared an
intervention group (SAM) with a placebo control group
(Non-Functioning Device) in proving deep heat (ultra-
sonic diathermy) to muscle tissue and increasing muscle
performance and recovery after high impact exercise [55,
68]. All six studies were single center trials conducted in
the United States. The included studies involved a total
of 149 subjects who received SAM treatment in a vari-
ety of musculoskeletal injuries and/or were conducted to
measure SAM therapeutic performance and mechanisms
of action in human subjects. Two studies were conducted
on deep tissue heating on various locations of the body
[55, 69], one study on quad and hamstring muscle per-
formance and biomolecular measures [68], one human-
factor usability and safety study applying SAM to various
physical locations on the body [71], and two clinical
studies focused on healing soft-tissue injuries to muscu-
loskeletal tissue [55, 70]. Studies included both injured
and healthy subjects 18 years of age or older, men repre-
sented 69% and women 31% of the described study popu-
lations across the four studies (56 males, 25 females, 64
unreported).

Study intervention characteristics

The characteristics and methodology of SAM treat-
ment for patient self-treatment and soft tissue injuries is
shown in Table 3. All six studies applied SAM treatment
at 3 MHz, 132 mW/cm? for 4 h daily [50, 55, 68-71].
Two studies varied SAM treatment between one and two
ultrasound delivery heads operating delivering 0.65 W
or 1.3 W to determine usability and safety [71] and deep
heating (diathermy performance) [55]. The other four
studies applied SAM treatment with two ultrasound
delivery heads operating at 1.3 W over for 4 h [55, 68—
70]. One study utilized four SAM devices on each sub-
ject during regular therapy sessions delivering 5.2 W [68].
Across all six studies SAM treatment was applied directly
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over the injury site or over the specified target region
looking to be evaluated.

Level of evidence and quality of studies

The level of evidence and quality assessment of the stud-
ies is shown in Table 3. Two studies were fair quality
[69, 70], three studies were good quality [50, 55, 71] and
one study of excellent quality [68]. Two RCTs blinded
subjects, and clearly reported objectives, described the
outcomes to be measured and the main findings [55,
68]. One prospective case series attempted to blind sub-
jects of the treatment [50]. The remaining three studies
included sufficient detail but did not have specific con-
trols due to the study design and/or purpose [69-71].

Study outcomes and main findings

The primary outcomes and main findings from the
included studies on self-treatment and soft tissue injury
are shown in Table 3. Soft tissue injury pain reduction
using numeric rating scale (NRS 0-10) was used in two
studies [50, 70]. Measures of functional improvement
such as range of motion, dynamometer, strength, and
power were applied in three studies [50, 69, 70]. Two
study measured diathermy temporal heating profiles
with thermocouples in situ [55, 69]. One study included
blood measures of lactic acid clearance [68]. One study
included usability and satisfaction of treatment [71].

A placebo-controlled study by Rigby et al. 2015 (n=26
subjects, 20 active, 6 placebo) measured the diather-
mic effects of one and two SAM transducer setups at
1.5 cm and 3 cm intramuscular depth over 3 h [55]. The
3—4 °C temperature increase occurred over 3 h, leading
to increased blood flow, vasodilation, and oxygenation
of the intramuscular tissue. Langer et al. 2017 (n=44
subjects, 22 normal body mass index (BMI) and 22 high
BMI) evaluated two SAM transducers for diathermy on
the elbow, forearm, knee, and calf [69]. Langer et al. 2017
compared clinical experimental data to mathematical
modeling of the diathermy generated by SAM [69]. Over
the 4-h SAM treatment and temperature recording, the
temperature directly below the SAM ultrasound trans-
ducer increased from 12 to 13 °C in approximately 20 min
of use and sustained for the duration of treatment. The
prediction model of diathermy was able to predict the
clinical measurements closely. A human-factor clinical
usability study by Taggart et al. 2014 (n=20 subjects)
evaluated the effective application of SAM treatment in
the home and clinic setting [71]. Over 60 unique SAM
treatment sessions, 95% of subjects successfully applied
and operated the device, and 93% found the treatment
easy to use.

Best et al. 2015 reported the efficacy of SAM therapy
in controlled case studies including Achilles and elbow
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tendinopathy (n =25 subjects) [50]. Patients were treated
for 4 h. daily over 6 weeks. Patients reported change in
pain at 30 min, 2 h, and the end of each treatment (4 h).
Dynamometer force and grip strength measurements
were taken pre and post. Patients reported a 3.94 point
on average reduction in pain over 6 weeks on NRS pain
scale (»p=0.002) and a 2.38 kg improvement in grip
strength (p=0.04). An overall reduction in pain was
observed within the 4-h treatment sessions (p <0.001) as
well.

A randomized placebo-controlled cross-over study
design by Langer et al. 2017 reported on the efficacy of
SAM treatment to improve healing and recovery after
muscle injury from high-intensity resistant exercise
(n=16 subjects) [68]. Subjects completed a series of five
lower-body resistance exercises with active and placebo
SAM treatment applied to the quadriceps and ham-
strings at rest and during the exercise bouts. Blood lac-
tate concentration was measured along with isokinetic
dynamometer measurements during leg extension and
flexion exercises. At each post-exercise time point meas-
ured, the lactate concentration was reduced in the active
treatment 255.8 4 120.0 mmol min L™ compared to the
sham treatment 318.5+86.0 mmol min L™} (p=0.002),
reflecting a 20% average decrease in total blood lactate
levels after 1 h of recovery with SAM. There were also
improvements in muscle performance with active versus
placebo SAM treatment, including increased peak torque
at 90° sec”! into extension (p=0.031), increased total
work at 90° sec! into extension (p=0.027) and aver-
age power output at 90° sec™ ! into extension (p =0.024).
Similarly, Draper et al. 2020 conducted a set of case stud-
ies (n=18) using SAM as an adjunct therapy in athletic
injuries from sports [70]. The therapy was applied at vari-
ous anatomic sites targeting multiple soft tissues such as
ligament, muscle, and tendon. The study reported NRS,
quality of life, and return of return to sports as outcome
measures. There was a 3.33-point decrease in NRS pain
score (p<0.05), 87% improvement in quality of life, and
55% of the athletes successfully returned to active sports.

The meta-analysis and forest plot of SAM treat-
ment outcomes on diathermy compared to placebo/
no-treatment are shown in Fig. 5. The availability of one
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randomized controlled trial and one case series with
baseline measure provided demonstrated increased heat-
ing (SMD 5.49; 95% CI 4.59-6.39; I*=97%; n=114).
There were significant between-group differences found
in tissue heating (» <0.00001). The included studies had
high heterogeneity (I* values >50%) related to location
(internal vs. external) diathermy measurement on the
body. The two studies included in this outcome were
graded as fair to good quality. Other measures such as
pain, lactic acid, and functional measures were not suf-
ficiently available to conduct meta-analysis on.

Discussion

Musculoskeletal pain and soft-tissue injuries are highly
prevalent with a significant impact on quality of life and
the economy [5]. Acute pain is treatable with standard
short-term use of NSAIDs, but chronic pain can sig-
nificantly impair daily life. The transition from acute to
chronic pain has been an unmet challenge in clinical
sciences [14]. Pain management has been an ongoing
research topic, but there is a need for therapies that are
not limited to pain management and expedite the heal-
ing process by activating underlying physiological pro-
cesses at the tissue, cellular, and molecular level. Current
strategies employing NSAIDs, and opioid-based drugs
have well known healing limitations and risks [2, 46, 72].
The overuse of NSAIDs has a significant adverse effect
on gastric organs, kidneys, and liver, while overuse of
opioid-based drugs has led to the opioid pandemic [2].
Neither of these therapies has regenerative effects; they
ultimately lead to invasive procedures such as total hip
arthroplasty, total knee arthroplasty, rotator cuff surger-
ies, etc. [73, 74].

As a recently approved FDA home-use treatment in
2020 [49], this systematic review and meta-analysis aimed
to investigate and summarize the effects of Sustained
Acoustic Medicine (SAM) therapy in musculoskeletal
applications for the healthcare community. The clinical
literature on SAM demonstrates it as a clinically effec-
tive mechanobiological that applies low-intensity con-
tinuous high-frequency ultrasound at 3 MHz, 132 mW/
cm? and delivers 18,720 ] of energy over 4 h of treatment
[50, 55, 65, 75]. It is a prescribed, in-home treatment,

Test for overall effect: Z=11.95 (P < 0.00001)

increase of soft-tissue (p <0.00001)

SAM Treatment Placebo Std. Mean Difference Std. Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Fixed, 95% ClI Year IV, Fixed, 95% CI
Rigby 2015 4.5 1.5 20 0 1.2 6 49.8% 3.02[1.75,4.30] 2015 ——
Langer 2017 12 1.5 44 0 15 44  50.2% 7.93[6.66, 9.20] 2017 ——
Total (95% Cl) 64 50 100.0% 5.49 [4.59, 6.39] R 2
ity: Chi2 = = < -2 = 979 t + } {
Heterogeneity: Chi? = 28.59, df = 1 (P < 0.00001); I> = 97% 10 5 0 : 10

Fig. 5 Forest plot of ultrasound diathermy tissue heating with SAM Treatment vs. placebo. SAM treatment provides significant temperature

Favours Placebo Favours SAM Treatment
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that requires little or no supervision from medical staff.
Long-duration treatment with SAM shows little or no
adverse effects [75]. The treatment is unique as it applies
both mechanical and thermal stimuli to activate various
cellular and molecular pathways for active pain manage-
ment and regeneration of damaged tissue. SAM inhibits
inflammation, slows down the degeneration, promotes
migration of cells, and induces regeneration of new tis-
sue. Collectively, SAM therapy helps in pain management
and regenerate mechanically and physiologically func-
tional tissue. SAM is a candidate treatment to manage
soft tissue pain and amplify the healing of soft tissue inju-
ries [64, 65].

The studies conducted by Lewis et al. 2013 and Pet-
terson et al. 2020 show SAM’s ability to manage pain
in fibrous and skeletal tissue in the upper shoulder and
neck, alleviate pain, and increase shoulder mobility [53,
64]. In addition, studies conducted by Langer et al. 2014,
2015 and Draper et al. 2018 show the efficacy of SAM as
a standalone therapy in mild to moderate knee OA [51,
52, 67]. Meta-analysis of the primary outcomes for the
pooled studies favored SAM treatment over control, and
provides evidence of effective use of SAM and the con-
venience of home use.

Case series by Best et al. 2015 and Draper et al. 2020
reported the effects of SAM treatment on fibrous and
skeletal tissue [50, 70]. The studies showed strong data
in reducing pain, improving grip strength, and return-
ing patients back to work. Usability and diathermic
clinical studies by Taggart et al. 2014, Rigby et al. 2015
and Langer et al. 2017 demonstrated SAM as a safe and
effective home-use treatment, and a treatment that pro-
vided vigorous heating to muscle tissue and various areas
of the body [55, 69]. Finally, Madzia et al. 2020 showed
the application of SAM as a combination therapy with
diclofenac and its ability to rapidly reduce chronic joint
pain by 70% or 440% greater than placebo [66].

Across the thirteen studies (n=372 subjects) meas-
urable outcomes on device usability, safety profile, dia-
thermy, pain relief, health improvement, and functional
assessment using dynamometry, range of motion and
grip strength were measured. Table 4 presents the SAM
systematic reviews pooled findings with nine (n=9
studies demonstrating musculoskeletal pain relief), six
(n=6 studies demonstrating functional joint improve-
ment), three (n=3 studies demonstrating improved
quality of health), three (n =3 studies showing a mecha-
nism of SAM biological action in situ), thirteen (n=13
studies reporting no adverse events and excellent safety
profile) and seven (n=7 studies reporting high compli-
ance and patient satisfaction). Both pain reduction and
improved joint function have the strongest evidence for
SAM in the literature with (n=9) and (n=6) studies,
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respectively reporting significant and clinically mean-
ingful improvements. This was followed by improved
quality of life and therapeutic heating reported by
(n=3) and (n=2) studies, respectively. In sub cat-
egorical meta-analysis by body location and condition
type, both pain reduction and global health score qual-
ity improvement significantly favored SAM treatment.
Of the thirteen (n=13) studies reported herein, 7 of
13 were registered on the national clinical trials data-
base (Table 4). Cumulatively, these studies demonstrate
the efficacy of SAM therapy as standalone or adjunc-
tive therapy for the upper back, neck, shoulder, knee,
and soft tissue pain reduction along with improved
patient mobility, functionality, and return to regular
day-to-day life after an injury. The data presented in
these clinical studies show positive and significant ben-
efit for patients. Furthermore, recent health economic
and SAM practitioner survey analysis support medical
guideline adoption for SAM as a novel mechanobiologi-
cal treatment for patient care [77, 78]. SAM treatment
which is widely used in sports medicine, may be consid-
ered more broadly as a noninvasive, safe, and effective
treatment option for patients with musculoskeletal pain
and soft-tissue injuries [78].

Future perspective

SAM has shown excellent results in rehabilitation and
pain management, but there are various other potential
applications for low-intensity continuous ultrasound
(Fig. 6A). This modality has been shown to have chon-
droprotective effects and slow down the progression of
arthritis in clinical studies (Fig. 6B) [79]. More studies
are required to understand the underlying mechanism,
but it is known that ultrasound inhibits detrimental
inflammatory effects on articular cartilage [40, 80, 81].
The FDA has approved low-intensity pulsed ultrasound
for non-union fracture healing, and low-intensity con-
tinuous ultrasound has a potential to be used in fracture
healing as well [82, 83]. The acoustic forces and mechani-
cal stimuli generated by SAM over a longer time course
could play a pivotal role in accelerating endochondral
ossification, differentiation of chondrocytes based on
soft callus into hard classified bone. The acoustic force
enhances the differentiation of chondrocytes to bone-
forming osteoblast cells and the formation of a calcified
collagenous extracellular matrix [84, 85]. Targeted drug
delivery remains to be an unmet challenge as well. Ultra-
sound is used regularly in the clinical setting for topical
drug delivery and is considered a viable option [86—88].
The acoustic force and diathermic effects of ultrasound
can increase the permeability of skin layers and push
through small and large drug molecules. SAM treatment
for sonophoresis, specifically for drugs associated with
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Fig. 6 The future application of SAM treatment. A Ultrasound thermal and acoustic properties can improve local drug delivery, improve wound
and bone healing and reduce arthritis progression. B Ultrasound treatment may reduce the progression of osteoarthritis by reducing the rate of
osteophyte formation and inflammatory cell activation

pain reduction, further enhances the pain management
of SAM therapy, as shown by Madiza et al. 2020 [66].
Delayed or chronic wound healing due to type I or II dia-
betes is potentially another area of interest for applying
SAM therapy [89-91]. The acoustic force can potentially
enhance the blood flow, oxygenation, cellular migration,
and formation of new extracellular to close the open
wound and expedite the healing process [91].

Limitations

Although the systematic review focused on Sustained
Acoustic Medicine (SAM) for the treatment of musculo-
skeletal injuries, it is possible that other relevant studies
using similar treatment parameters (3 MHz ultrasound at
1.3 W) are available in the scientific literature to further
aggregate and synthesize the clinical literature. This limi-
tation was beyond the scope of this research but could
be considered in a future analysis paying close atten-
tion to time, duration, dose delivered and regularity of
ultrasound treatment. The literature search strategy we
employed found 13 relevant articles specific to SAM that
are more than other past reviews on Sustained Acoustic
Medicine ever, it is possible that some relevant studies
were missed that were not available in English language
or those in the grey literature which are emerging on this
new therapeutic treatment [79, 92, 93]. Additionally, sev-
eral of the outcome variables used in the studies differed

in both measure, physical location on the body, condition
being treated and control group which limited the scope
of meta-analysis. However, we are confident that the
most relevant clinical studies on SAM have been identi-
fied, and the categorical grouping of the studies supports
the inferences drawn.

Conclusions

This systematic review and meta-analysis reported the
current evidence for Sustained Acoustic Medicine on
musculoskeletal injuries and chronic pain. SAM, a novel
mechanobiological treatment, is clinically effective at
reducing pain, improving overall health quality, generat-
ing deep therapeutic heat, and increasing mobility lead-
ing to a better-quality life and return to daily activities.
The prescription home use treatment has excellent safety,
usability and satisfaction characteristics for patients, and
may be considered a good non-pharmacological and non-
invasive treatment option in musculoskeletal injuries.
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