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Abstract

Competitive physical sports demand rigorous training, increasing the risk of overuse-associated
musculoskeletal traumatic injuries followed by a complex and time-consuming healing process
with economic effects and potential disability. Tissue healing involves inflammation, molecular
and cellular pathway regulation, proliferation, and tissue regeneration. These responses can
significantly vary depending on the location and severity of the injury, affecting recovery time,
pain intensity, range of motion, and return to sports activity. Despite medical advancements,
healing, pain alleviation, regenerative tissue quality, mobility, and quality of life remain
challenging. Current treatments, including nonsteroidal anti-inflammatory drugs and opioid-
based treatments, have systemic adverse effects and efficacy limitations. Long-duration
ultrasound therapy has emerged as a promising mechanobiological and diathermic treatment,
providing critical biomechanical and thermal stimuli. Biomechanical stimuli help regulate acute
inflammation, cellular proliferation, and tissue regeneration. Thermal stimuli enhance blood flow,
angiogenesis, and nutrient exchange, accelerating healing and improving recovery outcomes.
These combined stimuli also increase skin porosity and permeability, facilitating targeted drug
delivery through sonoporation and enhancing the efficacy of treatments like platelet-rich plasma
therapy. This review examines recent studies exploring the therapeutic effects of long-duration
ultrasound as a standalone and adjunctive therapy. It examined its roles in regulating acute
inflammation, mitigating chronic inflammation, tissue regeneration, healing, sports-associated
pain management, mobility, and overall tissue recovery.
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INTRODUCTION

Healing of musculoskeletal (MSK) tissue is a complex physiological response regulated by
tissue remodeling and regeneration following post-traumatic injury or extensive, intense
physical training in sports. Tissue regeneration and remodeling is a highly regulated
physiological process distributed over three main phases: an initial inflammatory phase,

a tissue regeneration phase, and a remodeling phase(1). The length of healing and resultant
tissue quality depends on several factors, including the nature and severity of the injury,

the type of tissue affected, the overall health of the individual, and various physiological
and genetic elements. The healing process can give rise to multiple complexities that may
result in chronic inflammation, persistent pain, mechanically inferior tissue, low quality of
life, and potential disability. This is further detrimental in sports, considering the extensive
training and physical requirements. Conventional treatments such as nonsteroidal anti-
inflammatory drugs (NSAIDs)(2), RICE therapy (Rest, Icing, Compression, and Elevation)
(3), physical therapy, and rehabilitation are commonly employed to address both acute and
chronic musculoskeletal (MSK) injuries(4). While these methods are effective, they possess
limited long-term efficacy and potentially lead to adverse effects(2, 3, 4). Additionally,
there has been medical advancement leading to therapies like platelet-rich plasma (PRP)
therapy(5, 6), mesenchymal cell (MSC) therapy(7), low-level laser therapy (LLLT)(8),

and extracorporeal shockwave therapy (ESWT)(9). These emerging treatments have shown
promise in enhancing the healing and recovery process of MSK injuries, although their
efficacy remains controversial(5, 6). Therefore, a significant number of patients still require
surgery to enhance tissue healing and remodeling(10).

Ultrasound has proven to be an effective therapeutic modality in treating numerous
conditions such as tumors, cardiovascular diseases, central nervous system disorders,
musculoskeletal system injuries, and management of acute and chronic pain(11, 12).
Ultrasound is an acoustic wave providing essential biomechanical stimulation to the targeted
tissues to activate and regulate targeted molecules and cells to enhance and regulate cellular
and molecular activity(12). Therapeutic ultrasound has a clinical history as a widely used
modality to treat orthopedic and muscle injuries and pain management (13, 14). Ultrasound
can have biological and biomechanical effects resulting in cellular regeneration(15), acute
and chronic anti-inflammatory,(16) and thermal effects (17). Numerous studies have shown
that the efficacy of ultrasound is dependent on different factors, including intensity,
wavelength, power, and duration(18, 19).

Long-duration ultrasound (LDU) administered with wearable medical systems utilizes
consistent acoustic mechanical waves that activate molecular and cellular pathways,
promoting the healing cascade(20, 21, 22). By delivering prolonged mechanical stimulation,
LDU enhances skin porosity, allowing for the transfer of small molecules through a process
known as sonophoresis(11, 14). Biomechanical forces play an essential role in stimulating
the matrix cells to increase the formation of extracellular matrix proteins and improve
alignment, resulting in stronger tissue with greater mechanical strength(23). The presence

of biomolecular components improves cellular proliferation, regulation of cytokines and
chemokines, and growth factors and alleviates pain(24, 25). The application of continuous
LDU over an extended period generates heat, which leads to an increase in blood circulation,
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oxygenation, exchange of nutrients, availability of growth factors, proteolytic enzymes,
amino acids, and other vital components to regulate the inflammatory cells and matrix
remodeling(17, 22, 26, 27, 28).

Long-Duration Sonophoresis (LDS) increases the targeted drug delivery of drugs and small
molecules through the skin and musculoskeletal tissues, enabling efficient and deeper drug
delivery by utilizing mild mechanical energy over an extended period(14). The LDS in
conjunction with LDU, have synergistic effects by providing biomechanical and biochemical
components to accelerate the healing process by regulating inflammation, mitigating pain,
and enhancing cellular proliferation, tissue regeneration, and remodeling(11, 14, 28). Figure
1, illustrates the impact of LDU as standalone therapy on acute inflammation and tissue
healing and in combination with LDS as conjunctive therapy with synergistic effects in
regulating inflammation and expediating tissue healing. Jarit et al. examined 135 patients
suffering from musculoskeletal injuries and exhibited minimal or negligible improvement
through conventional physical therapy. The application of LDS with 2.5% diclofenac

shows a significant reduction in musculoskeletal injury pain when combined with physical
therapy(29). The treatment alleviated the pain in soft tissues, joints, and bones, with the
most notable improvements observed in the hip, lower back, and shoulder. The study shows
a 2.5% diclofenac LDS as a promising treatment for patients with pain associated with
musculoskeletal injuries when traditional bi-weekly physical therapy was not sufficient(29).

THERMAL EFFECTS

Single or multiple sessions of local heat therapy have been shown to increase the
endothelial nitric oxide synthase (eNOS), a key regulator for vasomotor function and
vascular remodeling. Increase in eNOS plays a vital role in increasing blood flow and
angiogenesis, enhancing mitochondrial activity in skeletal tissue, and increasing glucose
metabolism and insulin signaling(30). Draper et al. have argued that heat modalities like
warm whirlpools, paraffin baths, and Hydrocollator HotPac™ have limited heat penetration
depth (1cm) and only raise the temperature by 2°C in the human triceps muscle. Ultrasound
therapy achieves a much more substantial effect by increasing temperature 60C at a depth
of 1 cm and by 4°C at a depth of 3cm (17, 31). Hayes et al. demonstrated that frequency
plays a vital role, as 3-MHZ frequency is more efficient than 1-MHz in achieving greater
thermal effects at a faster rate(31). 1 MHz is a lower frequency and will be absorbed slower
as it penetrates through the skin into tissue relative to 3MHz, which has a higher energy
density and absorption coefficient for thermal and biomechanical activity of LDU and LDS
over time. Currently, 3 MHz is the primary carrier frequency for LDU systems approved
for clinical use within the United States by the Food and Drug Administration(32)Figure 2
shows the basic components of a 3 MHz LDU and LDS delivery system, which includes

a power controller with timer setting, ultrasound transducer head with energy director, and
coupling patch to retain the couplet-gel and ultrasound transducer head in position for
extended treatment.

Ultrasound-induced thermal effects increase blood circulation and oxygen dynamic by
increasing localized levels of oxyhemoglobin(33). Elevating tissue temperatures by 2—
4°C is vital for achieving therapeutic benefits. A moderate temperature rise of 2-3°C
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induces decreased muscle spasms and pain, increased blood flow, and reduced chronic
inflammation(17, 34). To enhance viscoelastic alterations in collagen for improved
stretching and joint mobilization, a temperature increase = 4°C is necessary(34). Studies
have shown against the previous belief that tendons heat up three times faster than muscle
tissue when stimulated by 3MHz ultrasound due to the higher blood flow in muscle tissue
having a more expanded vascular bed. Therefore, adjusting the intensity and duration

of LDU is crucial to prevent tendons from overheating during the ultrasound treatment.
Muscular recovery is quicker relative to tendons and ligaments which have less blood flow.
Wearable technologies which deliver LDU as shown in Figure 2 have temperature regulation
loops and keep tissue temperature around 41-440C after 60 minutes or more of treatment;
lower than the burning threshold.

Classically, therapist applied in-clinic ultrasound treatment for ten to twenty minutes
typically delivers 700 to 2,000 Joules of energy deposition as a weekly rehabilitation
approach for soft tissue injuries (35). LDU offers clinicians the opportunity to maximize
ultrasound treatment by offering the extension of treatment away from the clinic, enabling
more contact time both directly and indirectly with the patient. LDU systems are FDA-
approved for home-use, and enable patients to self-apply non-invasive mechanobiological
stimulation for up to four hours per day with total energy deposition greater than 18,000
Joules(36). LDU treatment for musculoskeletal injuries and disorders focuses on daily and
longer treatment durations, increasing energy deposition and accelerate healing. LDU home-
use systems produce ultrasound without pulses and increase muscle temperature, creating a
potential for increased blood flow(19), increased connective tissue extensibility(37), altered
nerve conduction velocity(38), and with less probability of forming adverse standing waves
leading to potential tissue damage(39). Multiple studies suggest that daily increased energy
deposition via LDU can improve a patient’s quality of life(40, 41). Uddin et al. reviewed
recent literature on the efficacy of LDUs in decreasing pain and improving function in
musculoskeletal injuries (13, 20, 21, 36). Petterson et al. determined the effectiveness

of daily four-hour LDU at alleviating upper trapezius active myofascial pain and muscle
tenderness over a 4-week treatment period. The study reported a significant pain reduction
and health improvement from LDU compared to placebo treatment (42).

SPORTS INJURY RECOVERY

In sports, overloading the musculoskeletal system can result in excessive wear and tear and
fatigue, making athletes susceptible to injuries(43). This recovery from the injuries bears
both physiological and psychological ramifications on athletes, requiring extensive training
and exercise(43). Overuse can lead to compromised tissue that is not healed to pre-injury
levels and is unable to sustain forces associated with the activity. To accelerate the recovery
process, various modalities are utilized to enhance the regeneration of tissues, including
cold-water immersion (CWI), massage therapy, and therapeutic rest(44, 45). Psychological
recovery is attained through various strategies, including meditation, relaxation and sleep
cycles, and nutrition. It should not be understated the importance of minimizing the use of
systemic non-steroidal anti-inflammatory (NSAIDs) which are non-specific and can inhibit
regular recovery of non-injured and injured tissues particularly for the avid athlete (46).
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Sports Medicine research is vital in identifying new modalities to promote tissue
regeneration and expedite recovery(44). LDU provides an innovative, non-invasive, and
targeted approach to the recovery process by increasing the local temperature and
mechanical stimulus, resulting in angiogenesis, inhibition of chronic inflammation, and
driving cellular differentiation and proliferation, leading to tissue regeneration(16, 20, 36).
Furthermore, LDS enhances targeted drug delivery, alleviating the pain associated with
recovery and tissue regeneration processes at different phases of tissue regeneration(11, 14,
28). LDS is targeted, deep and specific to the injury site and therefore reduces the systemic
consequences of oral NSAIDs or large surface application of topical therapeutics(28). In
2021, Draper et al. reported LDU as an easy-to-use, wearable, user-friendly, and comfortable
“go-to” device outside the athletic training facility. Professional sports healthcare providers
determined an 87% satisfaction and increased confidence in the ability of LDU to accelerate
the healing process.

Data from three hundred and seventy-two patients were reviewed by Winkler et al., and
results showed LDU is clinically effective in treating musculoskeletal injuries. Therefore,
LDU was recommended by government healthcare providers of the USA Veterans
healthcare system to use as an adjunct therapy with traditional treatment to accelerate
recovery from multiple musculoskeletal injuries. Walters et al. conducted a comprehensive
analysis, combining survey results and in-person evaluations of healthcare providers in
professional, collegiate, and military medicine. The data demonstrated that LDU application
in the treatment of sports medicine-related injuries provided both physical and mental
benefits for patients. Notably, 83% of respondents reported that LDU effectively relieved
pain in their patients(23). Importantly, the LDU application elevated the confidence of
athletes and sports medicine staff in the recovery process. Overall, this led to accelerated
recovery speed and enhanced strength while reducing reliance on oral pain medication. The
outcomes yielded positive effects on both physical and psychological behavior.

LDS USE POST-ACUTE IN INJURY

Sonoporation raises skin temperature, thereby increasing skin permeability. Numerous
investigations have substantiated the efficacy of this approach in facilitating the delivery

of drugs at low intensities through the skin (47). Cagnie et al. conducted a study revealing
a remarkable tenfold escalation in ketoprofen concentrations within synovial tissue at 1
MHz and 1.5 W/cm2 for a duration of 5 minutes compared to the conventional topical
application of ketoprofen. Langer et al. employed a Long-Duration Sonophoresis (LDS)
strategy to analyze the transdermal penetration of salicylic acid within a hydrogel system
designed for in vitro drug delivery(48). Masterson et al. explored the penetration of
diclofenac sodium through a hydrogel stack using LDS, observing a 3.8-fold increase in
drug penetration through the hydrogel stack, mimicking an ex vivo transdermal model (14).
Madzia et al. conducted a clinical study involving 32 patients with moderate to severe knee
osteoarthritis (OA) subjected to LDU treatment for one week concurrently with applying
sodium diclofenac patches(29). Following seven days of treatment, patients exhibited a
noteworthy decrease in pain on the Numerical Rating Scale (NRS) by 2.06 to 2.96 points
and a substantial improvement in functionality on the Western Ontario and McMaster
Universities Osteoarthritis Index (WOMAC) scale by 351 to 510 points. These findings
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collectively underscore the potential therapeutic benefits of sonophoresis in enhancing drug
delivery and mitigating symptoms associated with musculoskeletal conditions.

PLATELET-RICH PLASMA INDICATIONS

Platelet-rich plasma, derived from the patient’s own blood, is rich in growth factors that
play a key role in tissue repair. Meta-analysis by Chen et al. have reported positive
outcomes when PRP is used in the treatment of ligament injuries, osteoarthritis, and

other musculoskeletal conditions(49). Professional athletes have shown encouraging results
utilizing PRP injection in treating musculoskeletal injuries, enhancing the healing process,
and reducing the application of NSAIDs over time(5, 6). Krystofiak et al. combined PRP
and LDU treatment to enhance pain relief, range of motion, and global health score and
decreases the number of days to return to professional sports after soft tissue injury(50).
The combined approach shows promise as an effective and innovative therapeutic strategy,
but further research is needed to establish standardized protocols and guidelines for its
implementation in sports medicine.

CONCLUSION

Sports provide physical activity and substantial economic revenue, but this socioeconomic
benefit has immense health cost. The excessive physical strain on the body leads to a
higher prevalence of injuries, particularly MSK injuries. Over decades, multiple medical
advancements have been made to enhance the complicated recovery process, alleviate
injury-associated pain, improve resultant tissue quality, and reduce the number of days of
return to active sports. Despite the medical advancement, a significant number of injuries
require surgeries, further complicating the recovery process, increasing the number of days
to return to active sports, and higher prevalence of future injury.

Long Duration Ultrasound (LDU) treatment provides acoustic biomedical and thermal
stimulus enhancing temperature and local skin porosity. LDU promotes targeted drug
delivery, increases blood circulation, tissue oxygenation, and nutrition exchange, and
decreases inflammation. This expedites tissue recovery through cellular differentiation,
proliferation, and extracellular matrix deposition, resulting in accelerated tissue regeneration
and pain alleviation. Sports medicine providers recommend that patients actively utilize
LDU in conjunction with conventional therapies, including NSAIDs, physical therapy, stem
cells, and PRP treatments, to improve the patients’ quality of life, significantly expedite their
return to activity, and reduce the overall recovery period.
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Figure 1: Synergistic Effects of Long Duration Ultrasound and Sonopor ation.
A) Inflammatory response to musculoskeletal injury. Marked muscle tissue damage with

an increased level of inflammatory cells. B) LDU regulates the inflammatory response and
improves tissue healing. C) The Synergistic effects of LDU/LDS enhance targeted drug
delivery with accelerated tissue healing and regulate the inflammatory response.
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Figure 2:
Basic 3 MHz LDU delivery system components for treating soft tissue injuries. A)

Ultrasound transducer applicator and coupling patch, B) Ultrasound power controller and
treatment timer, and C) Power splitter cable.
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