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Knee osteoarthritis (KOA) is manifested by low-grade joint inflammation, irreversible cartilage degeneration, subchondral bone remodeling and osteophyte formation. It is one of the most prevalent degenerative diseases in the elderly. KOA usually results in chronic joint pain, physical impairment even disability bringing a huge socioeconomic burden. Unfortunately, there is so far no effective interventions to delay the progression and development of KOA. There is a pressing need for explorations and developments of new effective interventions. Photobiomodulation therapy (PBMT), also known as low-level light therapy (LLLT), has attracted widespread attention in treating KOA because it is drug-free, non-invasive, safe and useful with rarely reported side effects. It provides the biological stimulatory effects primarily by enhancing the activity of mitochondrial cytochrome c oxidase. This stimulation, in turn, fosters cell proliferation and tissue regeneration. In addition to this, the paper provides a concise overview of the light parameters and the effectiveness of PBMT when applied in the treatment of KOA patients in clinical settings. It also delves into the experimental evidence supporting the modulatory effects of PBMT and its potential underlying mechanisms in addressing synovitis, cartilage degeneration, and pain resolution.
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1 INTRODUCTION
Osteoarthritis (OA) is an age-related degenerative disease and the primary cause of pain and physical impairment in the elderly (Fang and Beier, 2014). Knee osteoarthritis (KOA) is the most common type of OA and accounts for 85% of the incidences of OA, affecting 37% of the people over sixty (GBD, 2015 Disease and Injury Incidence and Prevalence Collaborators, 2016; Sharma, 2021). According to an epidemiological study, the overall prevalence of KOA in Chinese people over forty-five was 8.1% (Tang et al., 2016), which will definitely lead to a huge social and economic burden. KOA is mainly characterized by pathologic changes including synovitis, cartilage degeneration, subchondral bone remodeling and osteophyte formation, leading to joint pain, swelling, stiffness, physical impairments, loss of quality of life and even disability (Katz et al., 2021). Unfortunately, to date, there’s no disease-modified anti-KOA drugs for treating KOA patients. Current therapeutics for KOA, including conservative non-pharmacy therapy (for instance exercise), medication and surgery, usually focus on relieving pain and improving quality of life. Non-steroid anti-inflammatory drugs (NSAIDs) are recommended in most of the clinical guidelines for KOA, however, it’s accompanied with unavoidable potential risks of side effects including gastrointestinal bleeding (da Costa et al., 2021; Khumaidi et al., 2022). Surgery, total knee replacement (TKR) in particular, was thought to be the most effective intervention for advanced or end-stage KOA patients, but 10%–34% patients after TKR reported an unfavorable long-term pain outcome (Beswick et al., 2012). Therefore, research and development of new interventions are urgently required.
Photobiomodulation therapy (PBMT), also known as low-level light therapy (LLLT), is a kind of physical therapy applying red or near-infrared (NIR) light from laser or Light Emitting Diode (LED) (Cardoso et al., 2021). PBMT has been widely applied in treating diabetic ulcer (Peplow et al., 2012), neck pain (Chow et al., 2009), age-related neurocognitive impairments (Cardoso et al., 2021), OA (Stelian et al., 1992) and so on, exerting eye-catching effects in clinical application due to its non-invasive, painless and drug-free properties with rarely reported serious events (Chow et al., 2009; Hamblin, 2013; DE Oliveira et al., 2022). In contrast with high-intensity light therapy (HILT), PBMT is shown to penetrate the superficial tissue and to meanwhile activate the biostimulatory, anti-inflammatory and regenerative responses without generating any heating sensation (Ahmad et al., 2022; Ahmad et al., 2023; Zhang and Qu, 2023). The mechanisms of PBMT are not totally uncovered so far. Ample experimental evidence suggests that cytochrome c oxidase (CCO), the key enzyme in mitochondrial respiratory chain, acts as the acceptor of photons (Karu, 1999; Hanna et al., 2021). And the light absorption later results in increased production of adenosine triphosphate (ATP), release of nitric oxide (NO), induction of transcription factors and modulation of reactive oxygen species (ROS) (Karu, 2008; Kim et al., 2017). Apart from this, PBMT also displays its therapeutic effects through regulating angiogenesis, modulating blood flow and stimulating the expression of inflammatory factors (Zhang and Qu, 2023).
During the past 30 years, cumulative researches have investigated the effects of PBMT in treating KOA in both patients and experimental animals, indicating the cardinal roles of PBMT in attenuating KOA inflammation and pain (Hamblin, 2013; Zhang and Qu, 2023). However, it’s still controversial when it comes to the optimal dosage. In addition, the potential mechanisms of PBMT in KOA are also under explorations. In this narrative review, light parameters and effectiveness of PBMT in treating KOA patients are summarized and discussed. Experimental evidence of the biomodulatory effects and potential underlying mechanisms of PBMT in attenuating pain, synovitis and cartilage regeneration are also briefly introduced.
2 LIGHT PARAMETERS AND EFFECTIVENESS OF PBMT IN TREATING KOA PATIENTS
A series of randomized controlled trials (RCTs) are conducted in the past three decades to evaluate the effectiveness of PBMT in treating KOA patients. The light parameters used in these researches are summarized in Table 1. In 1992, Stelian and colleagues performed the first RCT of PBMT for treating KOA (Stelian et al., 1992). They recruited fifty KOA patients and gave them 633 nm He-Ne laser, 830 nm Ga-Al-As laser, placebo laser treatment respectively twice a day for 15 min per time. After the 10-day treatments, pain was remarkably reduced by more than fifty percent and physical functions of patients were significantly improved in both laser therapy groups. These results suggest that PBMT is effective in relieving KOA pain and improving physical functions. In a descriptive, prospective study, eighteen KOA patients were treated with PBMT using a 810 nm and 890 nm Ga-Al-As diode laser device (Soleimanpour et al., 2014). The patients received PBMT three times per week for a total of twelve sessions. At the end of the treatments, a significant reduction of nocturnal pain, pain on walking and ascending the steps, knee circumference, distance between the hip and heel, and knee to horizontal hip to heel distance was demonstrated, indicating the effectiveness of PBMT. Results of several meta-analysis articles also suggest PBMT is sufficient to remarkably ameliorate joint pain in KOA patients, largely improve Western Ontario and McMaster Universities Arthritis Index (WOMAC) stiffness and functional scores (Rayegani et al., 2017; Stausholm et al., 2019). However, the discrepancy of efficacy still exists. In a randomized, double-blind placebo-controlled study by Bülow et al. (1994), no significant differences in any of the effect variables including pain and joint mobility were found between the PBMT group and control group during or after the treatment. In terms of the overall assessment of the patients, both groups showed a clearly demonstrable positive effect, which might be a result of the placebo effect (Bülow et al., 1994). In Tascioglu’s study (Tascioglu et al., 2004), treating KOA patients five times per week with ten treatments in total using an 830 nm Gal-Al-As diode laser device did not significantly improve the clinical assessments including Visual Analogue Scale (VAS) pain, WOMAC pain, stiffness and physical function subscales, suggesting that PBMT with this chosen laser type and dose regimen had no effects on pain in KOA patients. Some other studies also showed that the combination of PBMT did not optimize the positive therapeutic effects of single exercise therapy for KOA (Vassão et al., 2020a; Vassão et al., 2020b; Malik et al., 2023). In a systematic review by Huang et al. (2015), they analyzed nine RCTs and found no evidence to support the effectiveness of PBMT in improving patients’ WOMAC pain, stiffness, and functional scores. There was also no significant difference in the VAS pain scores between the PBMT and control group 12 weeks after treatment. Therefore, they concluded that the current available evidence did not support the effectiveness of PBMT for KOA patients.
TABLE 1 | Summary of the light parameters used in RCTs applying PBMT to treat KOA patients.
[image: Table 1]One reason accounts for the controversial efficacy of PBMT in treating KOA patients might be the heterogeneity of the applied light parameters (Summarized in Table 1). According to the recommendation of World Association for Laser Therapy (WALT), light irradiation for the knee joint should obey the following doses: ≥4 J/point with 780–860 nm wavelength (mean power: 5–500 mW) and/or ≥1 J/point with 904 nm wavelength (mean power: 5–500 mW, peak power > 1,000 mW) respectively (Bjordal, 2012). Using meta-analysis, Stausholm et al. (2019) also gives the optimal range of wavelength and total energy that should be considered when applying PBMT. They elucidate that PBMT reduces KOA pain and disability at 4–8 J with 785–860 nm wavelength and at 1–3 J with 904 nm wavelength per treatment spot. In Malik’s recent study, PBMT reduces pain at 4–8 J with a wavelength of 640–905 nm per point applied twice a week for a total of 10–16 sessions (Malik et al., 2023). All of these researches provide reference for the dosage of applied PBMT. However, current studies have not reached a consistent conclusion on the light parameters that should be applied when treating KOA patients. In addition, the biphasic dose-response of PBMT, a phenomenon characterized by lower doses exerting stimulatory effects and higher doses display inhibitory or even detrimental effects (Chung et al., 2012; Nie et al., 2023), also needs to be taken into consideration when investigating the optimal light parameters. Apart from the light parameters displayed in Table 1, the irradiation location also matters. Feng et al. (2023) suggested the optimal irradiation location was on both sides of the patella, where the largest dose of PBMT could reach the articular cartilage.
3 EFFECTS OF PBMT IN KOA TISSUE RESILIENCE AND PAIN RELIEF: PRECLINICAL EVIDENCE
3.1 PBMT ameliorates synovitis
KOA has been recognized as a whole joint disease, and synovitis is considered to be a promising precursor of KOA development instead of a secondary result of cartilage breakdown (Atukorala et al., 2016). According to Bacon’s study, a loss of 0.1 mm of cartilage thickness over 2 years was associated with an increase of 0.32 point in WOMAC pain in KOA patients, indicating a poor association between cartilage thickness loss and joint pain (Bacon et al., 2020). The exacerbation of pain was further demonstrated to be mediated by synovitis. This finding challenges the conventional chondroprotective therapies while treating KOA. In addition, synovitis is established to be strongly correlated with pain and disease severity of KOA (Ayral et al., 2005; Baker et al., 2010; Robinson et al., 2016). Therefore, anti-synovitis therapy might shed new light on developing novel effective interventions for KOA.
PBMT is capable of attenuating synovitis through several ways. First, PBMT is effective in modulating the expression of inflammatory factors (Alves et al., 2013; de Oliveira et al., 2017). Alves et al. (2013) evaluated the effects of an 808 nm PBMT with different output powers (50 mW vs. 100 mW) on the joint inflammation in papain-induced KOA rats. The results shown that PBMT with 50 mW was more efficient in modulating the expression of inflammatory mediators (IL-1β, IL-6) and the number of inflammatory cells (macrophages and neutrophils) and therefore significantly attenuated joint inflammatory process. When combined with exercise therapy, PBMT is also suggested to significantly increase the level of IL-10 (an anti-inflammatory factor) in KOA individuals (Vassão et al., 2021). Second, light irradiation contributes to macrophage repolarization in KOA synovium. Macrophages are highly plastic and can play dual modulatory roles in KOA synovitis because it can be polarized to different phenotypes, namely, the pro-inflammatory M1 phenotype and the anti-inflammatory/tissue-repairing M2 phenotype (Wynn and Vannella, 2016; Thomson and Hilkens, 2021). In vitro cell culturing experiments suggested that 440 s irradiation per day with the 810 nm PBMT (power density 2 mW/cm2, energy density 0.88 J/cm2) for 2 days can effectively inhibit the polarization of LPS and IFN-γ-induced bone marrow-derived macrophage (BMDM) to M1 phenotype (Li et al., 2020; Sun et al., 2020), providing a new idea for studying the possible mechanism of PBMT in alleviating KOA synovitis. Zhang’s previous work provides the first in vivo evidence for the effectiveness of PBMT in modulating synovial macrophage polarization in KOA mice (Zhang et al., 2022). A 630 nm Light Emitting Diode (LED) device was applied to treat collagenase-induced KOA mice with different power densities. Their results suggested that 630 nm LED-PBMT (power density 10 mW/cm2, 1 h per time, energy density 36 J/cm2) once a day for consecutive 4 weeks effectively alleviated KOA pain and synovitis in mice, and this amelioration might be partially due to the polarization of synovial macrophages from M1 to M2 phenotype according to the results of histomorphological analysis. Apart from these, PBMT can stimulate angiogenesis in synovium as well, which is one of the hallmarks of synovitis (Mapp and Walsh, 2012). da Rosa et al. (2012) analyzed the influence of PBMT at wavelengths of 660 and 808 nm in a papain-induced KOA rat model. Two weeks after the last injection of papain, KOA rats were treated with laser irradiation (660 nm or 808 nm, power density 3.57 W/cm2, 40 s per time) respectively. The energy used in both groups was 4 J. The results showed that both laser groups significantly increased new blood vessels formation and decrease fibrotic tissue formation in joint synovium tissue when compared to the control, which suggested PBMT stimulated angiogenesis and reduced fibrosis in KOA rats. And the stimulatory effects were demonstrated to be stronger in 808 nm PBMT group.
3.2 PBMT exerts chondroprotective effects
Extensive and irreversible degeneration of articular cartilage is the primary event in the onset and development of KOA. The regeneration of articular cartilage has long become a major topic of KOA treatment. In the context of KOA, the balance of anabolic and catabolic process of cartilage metabolism is broken, and inflammatory factors such as matrix metalloproteinases (MMPs) are released to facilitate cartilage degeneration (Yin et al., 2022). By applying PBMT, the production of catabolic factors, including IL-1β, inducible nitric oxide synthase (iNOS), tumor necrosis factor (TNF)-α, MMP-3, and MMP-13, is reduced, meanwhile the loss of anabolic factors, for example, collagen (Col) II and transforming growth factor (TGF)-β etc., slows down (Chung et al., 2012; Wang et al., 2014; Trevisan et al., 2020; Zhang et al., 2022). In KOA animals, PBMT has been demonstrated to be efficient in increasing other anabolic factors including IL-4, IL-10, proteoglycan and aggrecan, showing its role in maintaining tissue hemostasis and exerting chondroprotective effects (Balbinot et al., 2021; Tim et al., 2022). Lin et al. (2006) used He-Ne laser (632 nm, power density 3.1 mW/cm2, energy density 2.79 J/cm2) to treat papain-induced KOA rats for 15 min each time, three times per week for 8 weeks. Measured by histopathological staining, the density of mucopolysaccharide was found to significantly increase in treated rats than those of the controls, which was closely associated with the histopathological improvements, but conversely with the changes in KOA severity. These results indicate that PBMT is efficient in enhancing the biosynthesis of arthritic cartilage and in this way improve the histopathological changes in KOA.
PBMT displays positive roles in promoting chondrocytes proliferation and inhibiting their apoptosis. Using a 780 nm Ga-Al-As semiconductor laser to irradiate rabbit and human chondrocytes for 10 min per day for 5 days, Torricelli an colleagues found that no injury was observed in the cultured chondrocytes after irradiation and PBMT significantly stimulated chondrocyte proliferation and preserved the activity of chondrocytes 5 days after the irradiation (Torricelli et al., 2001). In Lin’s research, anterior cruciate ligament transection (ACLT) surgery was performed on the right knees of New Zealand white rabbits to establish the KOA rabbit model (Lin et al., 2012). Six weeks after surgery, rabbits in the PBMT group were given 810 nm laser irradiation (power density 5 mW/cm2, energy density 3 J/cm2) five times a week, 10 min each time for 2 weeks. After the ten-session laser illumination, the animals were sacrificed, and the results showed that PBMT could improve the cartilage structure, prevent articular cartilage degeneration, and significantly reduce the expression of caspase-3 in the surgery-induced KOA rabbits (Lin et al., 2012). In addition, PBMT is effective in recovering oxidative stress by modulating antioxidant enzymatic activity and thereby preserving the articular cartilage aspects (Martins et al., 2021).
However, not all studies support the beneficial effects of PBMT in protecting articular cartilage. Bayat et al. (2009) used 890 nm infrared laser (pulse mode, energy density 4.8 J/cm2) to treat rabbits with distal cartilage loss of right femoral patella groove twice a week. Through macroscopical and histological examination, the results of PBMT group were better than those of control group, but there was no significant difference between the two groups, indicating PBMT did not accelerate the healing of large osteochondral defects in rabbits. The reason for this result may be that PBMT is more likely to effectively promote cartilage repairing when the defect is minor than when the injury of cartilage is extensive or severe. This is consistent with the clinical experience because PBMT is suggested to be more effective in KOA patients at early stage of the disease instead of end stage.
3.3 PBMT attenuates KOA pain
Pain is the most common symptom in KOA patients, and is the primary reason for which patients seek medical consultations. Current conservative pharmacies remain relatively ineffective. Series of factors including damaged tissue, synovitis and central sensitization are shown to collectively contribute to OA-related pain (Raoof et al., 2018; Conaghan et al., 2019). PBMT can effectively lead to pain amelioration partially because its cardinal functions in resolving synovitis and reducing inflammatory factors releasing, but it can relieve pain through inhibiting central sensitization as well. In Yamada’s study, monosodium iodoacetate (MIA)-induced KOA rat model was used to test the effects of PBMT (904 nm, 6 or 18 J/cm2, 3 days per week, eight sessions in total) on oxidative stress and antioxidant capacity (Yamada et al., 2020). PBMT with 18 J/cm2 was demonstrated to be efficient in reducing pain and neutrophil activity in knee samples. Besides, PBMT was found to reduce oxidative stress damage at distant sites (blood serum and spinal cord), which may be a potential reason for pain relief because it reduced central sensitization. Balbinot et al. (2021) evaluated the efficacy of PBMT on cartilage degradation and spinal cord sensitization using MIA-induced Wistar rats. Their results supported the positive effects of PBMT in improving MIA-induced chronic pain-like behavior such as weight support and mechanical allodynia. Confirmed by immunohistochemistry, the effects of PBMT were associated to decreased contribution of spinal glial cells to pain-like behavior. Therefore, PBMT reduced the progression or maintenance of spinal cord sensitization, suggesting the potential role of PBMT in long-term central sensitization associated with chronic pain of KOA.
4 CONCLUSION AND PERSPECTIVE
KOA is a highly prevalent disease all around the world bringing a huge socioeconomic burden. PBMT is efficient to treat KOA especially in the early stage of this disease. Despite the positive results achieved in both clinical and animal tests, many challenges still need to be addressed. For instance, the optimal light irradiation parameters (including wavelength, spot area, power density, energy density, frequency of application etc.) for treating KOA should be uncovered. To date, the most commonly used light source for PBMT is laser. However, LED also exerts similar therapeutic effects. Besides, LED may deliver much more energy because it has a broad irradiation area. And LED can be made into wearable devices for its property of flexibility, which might help chronic KOA patients to treat themselves at home. Besides, the underlying mechanisms of PBMT still need to be explored.
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