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ABSTRACT 

Evaluation of treatment efficacy of minimally invasive low-level 

laser therapy system for musculoskeletal diseases 

 

Heesung Kang 

Dept. of Biomedical Engineering 

The Graduate School 

Yonsei University 

 

 

Although the mechanism of low-level laser therapy (LLLT) is still unclear, there has 

been recent interest in using it to treat orthopedic diseases. Numerous studies have 

developed optical clearing methods to increase the therapeutic efficacy of LLLT because, 

owing to light scattering and absorption, light energy decreases when penetrating tissue. 

In this study, we investigated methods that enhance the therapeutic efficacy of LLLT. 

First, we evaluated the effects of individual and combination applications of two optical 

clearing methods: hyperosmotic chemical agents (HCAs) and compression. The results 

showed that the transmitted light energy increased when the methods were combined 

compared to individual applications. However, the inherent light energy loss problem of 

LLLT was still present. Therefore, we developed the minimally invasive laser needle 

system (MILNS) to address the inherent light energy loss problem during tissue 

penetration and applied it to three orthopedic diseases: osteoporosis, arthritis, and muscle 

atrophy. MILNS employs a fine hollow needle that delivers light to targets in deep tissue 
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without light scattering. The therapeutic efficacy of MILNS was evaluated by micro 

computed tomography (μ-CT) and histological analysis. The bio-stimulatory effects of 

MILNS on orthopedic diseases were found to produce positive therapeutic outcomes 

such as the suppression of bone loss, arthritis, and muscle atrophy progression. Thus, 

MILNS improved the therapeutic efficacy of LLLT because the three orthopedic diseases 

had controversial results with regard to the bio-stimulation of LLLT. 

Although we realized positive therapeutic outcomes, the therapeutic parameters of 

MILNS have to be investigated because the response of each biological cell to the 

wavelength and light dosage differed. Based on the results of this study, we expect that 

MILNS may be developed as a treatment modality that enhances the therapeutic efficacy 

of LLLT. 

 

Keywords: low-level laser therapy, minimally invasive, optical clearing, osteoporosis, 

arthritis, muscle atrophy 
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Chapter 1 

Introduction 

 

1.1 Low-level laser therapy and bio-stimulation effects 

As one of the most fundamental forces of life, light provides energy and facilitates 

metabolic processes that are essential to life. Academically, light is electromagnetic 

radiation with properties such as intensity, frequency, wavelength, and polarization. A 

laser, which stands for light amplification by stimulated emission of radiation, is a device 

that emits a specific type of coherent monochromatic light that oscillates in harmony in 

the visible, ultraviolet, or infrared spectrum. Lasers have many applications in the fields 

of industrial technology and scientific research. In the medical field, lasers are utilized 

for tissue healing and repair, surgical cutting, shrinking tumors, unblocking clogged 

arteries, eradicating infections, and other therapeutic purposes. Medical treatment using 

low-level lasers is called low-level laser therapy (LLLT). LLLT utilizes the effect of 

laser light on cells. Many studies have shown that LLLT affects the body on the 

biological and cellular levels in numerous positive ways. Macroscopically, the effects of 

LLLT are known to have four distinct biological responses (Laser Therapeutics 2013): 

a) Growth factor response of cells due to increased synthesis of ATP and protein, 

which induces cell proliferation and change in cell membrane permeability. 

b) Pain relief due to the increased endorphin and serotonin release. 

c) Strengthened immune system response due to the increase in lymphocyte activity 

and photo-modulation of blood. 

d) Acupuncture point stimulation for bio-photon communication. 
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LLLT is most commonly known to increase ATP synthesis. As the primary energy source 

of cells, ATP is synthesized and produced in small cellular organelles called 

mitochondria. ATP is the chemical responsible for energy release within cells and drives 

a multitude of cellular and physiological functions for normal body function. The light 

energy of LLLT facilitates more ATP synthesis, which improves healthy metabolism and 

maintains proper organ functions. More specifically, LLLT has the following effects 

(Walker 2002): 

• Pain relief by producing endorphins. 

• Decreased inflammation by suppressing tissue excitation. 

• Blocking the fluid influx of tissue. 

• Decreased swelling, redness, and heat. 

• Increased lymphatic and blood circulation. 

• Increased healing enzymes in traumatized area. 

• Convulsion release of tight muscles that induce chronic pain, joint stiffness, and 

decreased mobility. 

• Accelerated bone repair through fibroblastic and osteoblastic proliferation. 

In LLLT, the therapeutic effects are mainly due to light absorption by cellular photo-

acceptors. The creation of electronically excited states in the cells alleviates biological 

disorders such as pain control and the healing process. A variety of endogenous chemical 

substances produced by LLLT stimulation are carried by blood and lymphatic flow to 

trigger biological reactions in the body’s cells. Accordingly, LLLT can be effective as 

not only a local but also a systemic treatment modality. Therefore, LLLT is a safe, 

effective, and non-drug alternative in many fields of medicine. For examples, LLLT is 
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utilized to treat acute and chronic musculoskeletal pains in physiotherapy and to relieve 

pain and chronic inflammations and autoimmune diseases in rheumatology. LLLT is 

utilized to treat and rehabilitate disorders in sports medicine clinics. 

 

1.2 Mechanism of low-level laser therapy 

In this section, the mechanism of LLLT is explained according to four cellular responses 

as discussed by Huang et al. and Prindeze et al. (Huang, Chen, and Hamblin 2009, 1669, 

Huang et al. 2009, 358-83, Prindeze, Moffatt, and Shupp 2012, 1241-8). For LLLT to 

produce its therapeutic effects, the laser light must be absorbed by the molecular photo-

acceptors and chromophores. The absorbed light energy induces specific chemical 

cellular responses. Figure 1.2.1 shows the basic concept of LLLT. 

 

Figure 1.2.1. Basic concept of LLLT (Huang et al. 2009, 358-83) 

For the first response, mitochondria, which are known as cellular power plants, absorb 

the irradiated light energy and influence the respiratory chain. This increases ATP 

synthesis, NADH synthesis, RNA synthesis, protein synthesis, oxygen consumption, and 
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the membrane potential. Figure 1.2.2 shows the schematic diagram of ATP synthase in 

the mitochondrial respiratory chain. 

 

Figure 1.2.2. ATP synthase in mitochondrial respiratory chain (Huang et al. 2009, 358-

83) 

For the second response, the light absorbed by the mitochondria releases nitric oxide 

(NO) from heme iron and copper centers in cytochrome c oxidase (Cox), which is a 

photo-acceptor; oxygen is then replaced during respiration, which increases ATP 

synthesis. Nitrosylated hemoglobin and nitrosylated myoglobin may also be released by 

the absorbed light. Figure 1.2.3 shows the schematic diagram of NO photo-dissociation 

in Cox. 
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Figure 1.2.3. Photo-dissociation of NO in Cox (Huang et al. 2009, 358-83) 

For the third response, LLLT influences the signaling pathways for reactive oxygen 

species (ROS) and reactive nitrogen species (RNS). The change in ROS by LLLT 

activates transcription factors such as NF-kB, which is important for the transcription of 

protective and stimulatory gene transcript products. Figure 1.2.4 show a schematic 

diagram of ROS formation by LLLT. 

 

Figure 1.2.4. Formation of ROS by LLLT (Huang et al. 2009, 358-83) 
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For the fourth response, LLLT affects cell proliferation by enhancing the growth factor 

release and preventing cell apoptosis, migration, and adhesion. Figure 1.2.5 explains the 

cellular effects of LLLT. 

 

Figure 1.2.5. Cellular effects of LLLT (Huang et al. 2009, 358-83) 

The low-level light absorbed by the mitochondria influences cell signaling pathways in 

the respiratory chain, such as NO release and the level of ROS, to activate the 

transcription factors. Thus, the cellular functions and metabolism are enhanced. 

 

1.3 Parameters of low-level laser therapy and therapeutic window 

The bio-stimulation effects of LLLT follow the Arndt–Schulz Law: weak stimuli 

increase physiological activity, moderate stimuli inhibit activity, and very strong stimuli 

abolish activity (Huang et al. 2009, 358-83). Figure 1.3.1 illustrates the dose response 

curve based on the Arndt–Schulz law. When sufficient energy is applied, the biological 

disorder is alleviated by the maximum physiological activity. 
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Figure 1.3.1. Dose response curve of Arndt–Schulz law (Sheppard 2005) 

 

Similar to the Arndt–Schulz law, LLLT has many parameters for the irradiance condition. 

Figure 1.3.2 shows the irradiation parameters of LLLT (Huang et al. 2009, 358-83). In 

general, the coherent properties of laser light do not play an important role in interaction 

with tissue at the molecular level. Energy is an important parameter in LLLT and can be 

calculated by a simple formula: energy (in J) = power × time. The delivered energy 

increases with the treatment time. To create a response that alleviates a biological 

disorder, ensuring that sufficient energy is being delivered under the correct irradiance 

conditions is necessary. 
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Figure 1.3.2. Irradiation parameters in LLLT (Huang et al. 2009, 358-83) 

 

Another important consideration for LLLT is the optical properties of biological tissue. 

When light irradiates biological tissue, light–tissue interactions such as absorption, 

scattering, and reflectance occur. Figure 1.3.3 shows the tissue optical window for LLLT 

efficacy. The optical window (i.e., therapeutic window) shows the range of wavelengths 

where light has the maximum penetration depth when interacting with biological 

components: e.g., blood at short wavelengths and water at long wavelengths (Huang, 

Chen, and Hamblin 2009, 1669). Scattering is generally the most dominant light–tissue 

interaction and has weak dependence on the wavelength; therefore, the main factor that 

affects the penetration depth of LLLT is absorption. 
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Figure 1.3.3. Tissue optical window (Huang et al. 2009, 358-83) 

 

1.4 Purpose and composition of this study 

1.4.1. Purpose of this study 

Light that irradiates tissue is attenuated by absorption, reflection, and scattering. In 

clinics, LLLT uses near-infrared (NIR) light for pain relief in musculoskeletal disorders 

on account of its penetration depth. Most light irradiated on the skin is weakened because 

of light scattering and reflection; therefore, only a small amount of light is transmitted 

and delivered at deep targets in the tissue. Figure 1.4.1 shows the interaction between 

light and tissue. Nakano et al. reported that the Ga–Al–As laser decreased 33.3% and 

8.3% when penetrating rat skin and rat skin with gastrocnemius muscle, respectively 

(Nakano et al. 2009, 1005-15). Ninomiya et al. reported that 15.9% of the laser light 

penetrated the skin of a rat femur (Ninomiya et al. 2007, 140-8). 
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Figure 1.4.1. Light interactions in tissue 

In LLLT, light energy loss during the penetration of subcutaneous tissue is always a 

potential problem. This light energy loss can be caused the conflicting effects of laser 

stimulation on biological tissue. Many variable parameters for laser modulation such as 

the wavelength, irradiance time, and frequency of the pulse are not defined according to 

the tissue condition and disease; this results in different light energy densities under the 

subcutaneous tissue. Most studies on laser stimulation of cells have shown positive 

results, such as the proliferation and differentiation of cells (Stein et al. 2005, 161-6, 

Webb, Dyson, and Lewis 1998, 294-301). However, many in vivo studies have shown 

conflicting results (Johannsen et al. 1994, 145-7, Muniz Renno et al. 2006, 202-7). This 

may be the result of light energy loss during propagation in tissue. The decrease in light 

energy due to light scattering during tissue penetration seems to be an inherent problem 

of LLLT. When light irradiates tissue, light–tissue interactions occur, such as 

transmission, reflection, scattering, and absorption. However, tissue disorders are treated 

by having chromophores absorb the light. In this study, we investigated the optical 
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clearing method and minimally invasive method to minimize light scattering without the 

loss of light absorption in LLLT. Figure 1.4.2 shows the aim of this study. 

 

Figure 1.4.2. Aim of this study 

 

1.4.2. Composition of this study 

To increase the absorption and decrease the light scattering of LLLT, we first 

investigated the efficacy of the optical clearing method, where an optical clearing agent 

and compression were combined based on the potential usefulness in clinical applications. 

Although the optical clearing method was used, a potential light energy loss problem due 

to light scattering was remained. Therefore, we next investigated the efficacy of the 

minimally invasive method, which fundamentally addresses the light energy loss problem. 

In general, bone is a tissue at deep sites. Representative musculoskeletal diseases 

concerned with bone include osteoporosis and arthritis. We applied the minimally 

invasive method to osteoporosis and arthritis animal models and evaluated its therapeutic 
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efficacy as a treatment modality. We also applied the minimally invasive method to a 

muscle atrophy animal model and evaluated the feasibility with regard to therapeutic 

efficacy. 
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Chapter 2 

Optical clearing method for low-level laser therapy 

 

2.1 Introduction 

Biological tissue comprises many cellular components (e.g., cell membrane and nucleus, 

cytoplasm, melanin gradules) with different refractive indices, which causes light 

scattering. This limits the photon density delivered to subsurface target chromophores 

and photo-acceptors (Khan et al. 2004, 83-5). As laser therapy gains popularity, many 

studies have examined changing the light-scattering properties of biological tissues by 

using various physicochemical methods—such as compression, stretching, dehydration, 

coagulation, UV illumination, heating, and impregnation of hyperosmotic chemical 

agents (HCAs)—to reduce light scattering and undesirable reflections in the optical 

system (Khan et al. 2004, 93-5, Tuchin 2007, 1621-1628, Tuchin et al. 2006, 824-36). 

HCAs are frequently utilized as an effective method to minimize tissue turbidity and thus 

increase optical tissue clarity. HCAs minimize the refractive index differences between 

cellular components and reduce the light scattering; they increase the light penetration 

depth through skin dehydration, collagen dissociation, or a combination thereof 

(Hirshburg et al. 2006, 040501, Liu et al. 1996, 200-11). Rylander et al. suggested that 

skin dehydration induced by HCAs is the dominant mechanism that reduces light 

scattering (Rylander et al. 2006, 041117). Yeh et al. suggested that the reversible change 

of the collagen structure and size due to glycerol reduces the light-scattering properties 

(Yeh et al. 2003, 1332-5). 
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Several physical methods in conjunction with HCAs have been investigated in order to 

enhance the efficacy of optical tissue clearing (Fang et al. 2004, 132-40, He, and Wang 

2004, 200-6, Henry et al. 1998, 922-5, Nelson et al. 1991, 874-9, Stumpp, Chen, and 

Welch 2006, 041118, Stumpp et al. 2005, 278-85). Recently, Yoon et al. proposed a new 

physical method: microneedling in conjunction with topical application of glycerol 

(Yoon et al. 2008, 021103-021103-5). Their method uses a microneedle roller to create 

numerous artificial microchannels that accelerate the tissue permeability of glycerol and 

thus shorten the time period for optical clearing to occur. 

During laser therapy, a common clinical practice is to press the laser probe firmly against 

the tissue to minimize any air gaps at the tissue–probe interface and therefore increase 

the transmission of the laser beam (Chan et al. 1996, 943-950, Shangguan et al. 1998, 

366-371). Shangguan et al. reported that the light transmission in tissue can be increased 

by tissue compression, which helps minimize the refractive index mismatch between the 

scatterers and the surrounding medium (Shangguan et al. 1998, 366-371). 

For many dermatological laser procedures, selectively destroying target chromophores 

while minimizing thermal damage to adjacent dermal structures is important. However, 

focusing the laser beam directly on the target chromophores in tissue is difficult because 

light scattering disperses the laser beam and therefore limits the effective subsurface 

photon density delivered to the target. In order to address this problem, we focused on 

enhancing the laser beam profile (LBP) in soft tissue using glycerol and tissue 

compression methods independently or in combination. The impregnation of HCAs and 

tissue compression are considered to be of potential clinical use to enhance the 

subsurface tissue photon density. We evaluated the efficacy of the methods by 
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quantitatively analyzing the intensity profile of a laser beam transmitted through ex vivo 

porcine skin samples. 

 

2.2 Materials and method 

Skin sample preparation 

Fresh ex vivo abdominal porcine skin samples with a small layer of fat were obtained 

from a local slaughterhouse. In order to determine the reproducibility of the experimental 

results, three sets of identical experiments were performed. Each skin sample was 5 × 5 

cm2 in size. 

 

Experimental setup 

Figure 2.2.1 shows a schematic diagram of the optical setup used to image the LBP, 

which comprised a collimated diode laser (532 nm, 5 mW), neutral density filter, tissue 

compression apparatus, and monochromatic CCD camera (648 × 494 pixels). The tissue 

compression apparatus (Figure 2.2.2) was built to apply uniform compression to the skin 

samples (Chan et al. 1996, 943-950, Shangguan et al. 1998, 366-371). Samples were 

placed between two glass slides, and constant compression was applied by adjusting a set 

of screws and nuts. The amount of compression applied on the samples was indirectly 

determined by measuring the skin thickness between the two glass slides using a 

micrometer. 
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Figure 2.2.1. Optical setup for LBP measurement 

 

 

Figure 2.2.2. Schematic diagram of compression apparatus 

 

Measurement of laser beam profile 

LBP images were subsequently measured for the following cases from each sample: (1) 

an intact skin sample as the baseline control, (2) after the skin sample was compressed to 

a thickness of 2 mm, (3) after the skin sample was decompressed and 0.05 ml of 95% 

glycerol was topically applied onto the epidermal side of the skin sample (residual 

glycerol was removed 1 h after application), and (4) the skin sample was compressed to a 

thickness of 2 mm. 
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Quantitative evaluation of laser beam profile 

The LBP was quantitatively evaluated by analyzing the following three parameters: full 

width at half maximum (FWHM), maximum (peak) intensity, and total intensity at 

FWHM. Each of the parameters was computed as follows: (1) an image of 120 × 100 

pixels representing the LBP was extracted from the monochromatic CCD image, and (2) 

a two-dimensional (2-D) LBP was obtained by averaging the column pixels of the 

extracted image in order to minimize LBP distortion due to morphological variation in 

the skin samples. The LBP intensity was indexed from 0 through 255. 

 

2.3 Results 

Three sets of identical experiments were performed to evaluate the LBP. The average 

skin sample thickness was 3.72 mm. Figure 2.3.1 shows examples of the LBP: CCD 

(upper images) and three-dimensional (3-D) images (lower images) are presented for the 

four cases described in “Measurement of laser beam profile”. 
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Figure 2.3.1. CCD images (upper images) and three-dimensional LBP (lower images): (1) 

LBP of intact skin sample measured as baseline control, (2) LBP measured after skin 

sample was compressed to thickness of 2 mm, and (3) LBP after skin sample was 

decompressed and 0.05 ml of 95% glycerol was topically applied onto skin surface. After 
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1 h of glycerol application, LBP was measured after all residual glycerol was removed 

from the skin surface. (4) LBP after case (3) was compressed to 2 mm. 

 

The 3-D images show an intuitive visualization of the LBP; the quality of the Gaussian 

beam profile gradually improved. The images also qualitatively show a gradual increase 

in the maximum and total intensities and a decrease in FWHM from case (1) to case (4). 

In order to quantitatively evaluate the LBP, the 2-D LBP was computed for each case. 

Figure 2.3.2 shows examples of the 2-D LBPs. 

 

Figure 2.3.2. Examples of 2-D LBP for four cases described in Figure 2.3.1 

Figure 2.3.3 shows the results for the three parameters of LBP. The maximum and total 

intensities gradually increased from case (1) to case (4) [Figure 2.3.3(a) and (c)]. 

Compared to case (1), the maximum intensity increased for case (4) by a factor of 4.2 

[case (1): 4.7; case (4): 19.9], and the total intensity increased by a factor of 2.6 [case (1): 

182; case (4): 474]. FWHM decreased when compression and glycerol were applied to 

the skin surface. Both cases (2) and (3) resulted in an approximately 0.2-fold decrease in 
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the FWHM [Figure 2.3.3(b)] compared to case (1). FWHM further decreased in case (4), 

which showed an approximately 0.4-fold decrease [Figure 2.3.3(b)]. As a result, the 

combination of compression and glycerol, namely case (4), was experimentally 

determined to be the most effective method for enhancing the LBP. 

 

Figure 2.3.3. Evaluation of (a) peak intensity, (b) FWHM, and (c) total intensity at 

FWHM of LBP for four cases described in Figure 2.3.1 
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2.4 Discussion 

The laser beam quality is important during dermatological laser procedures. Unlike 

previous studies, which addressed only the measured intensity due to glycerol or 

compression (Chan et al. 1996, 943-950, He and Wang 2004, 460-7), we evaluated the 

LBP characteristics in tissue due to the compression and glycerol methods independently 

and in combination. The experimental results indicated the potential of using the two 

methods together to enhance LBP in tissue. 

In Figure 2.3.3, case (2) illustrates the potential of tissue compression to enhance LBP: 

the maximum and total intensities increased, and FWHM decreased with compression. 

These results suggest that tissue compression can narrow the FWHM of the laser beam in 

tissue, which increases the photon density delivered to target chromophores. The results 

can be partially explained by a previous study; Chan et al. experimentally demonstrated 

that the overall light transmittance in tissue can be increased by compression (Chan et al. 

1996, 943-950). Most studies uniformly applied compression over the entire tissue. 

However, general clinical practice is to apply partial tissue compression depending on 

the size of the laser probe. Therefore, examining the effect of partial tissue compression 

on the LBP should be of value (Tuchin 2006). 

As shown in Figure 2.3.3, glycerol application [case (3)] increased the maximum and 

total intensities and decreased the FWHM. Compared to the compression result of case 

(2), case (3) illustrates that the photon density in tissue can be further increased by 

glycerol application; the reduced light scattering increases the transmission of the laser 

beam more than the reduced optical path length by tissue compression. On the other hand, 

the FWHM was similar to that of case (2), which suggests that glycerol application may 

only affect the intensity. Glycerol is known to reduce light scattering by minimizing the 
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refractive index mismatch between cellular components and their surrounding medium in 

the dermis; therefore, it can be used to increase the penetration depth of light and the 

spatial resolution of bioluminescence imaging (He, Wang, and Xing 2003, 2076-8, 

Jansen et al. 2006, 041119, Khan et al. 2004, 83-5). 

As shown in Figure 2.3.3, case (4) combined glycerol and compression. Compared to 

case (3), the maximum and total intensities of the laser beam further increased with 

compression, which illustrates that light scattering in tissue pretreated with glycerol can 

be further reduced by compression. Compared to cases (2) and (3), FWHM was further 

reduced when the two methods were combined. These results show that compressing 

tissue pretreated with glycerol can further increase the photon density delivered to the 

target chromophores and even reduce the FWHM. 

The objective of a laser surgical procedure is to deliver the absorbed photon density to 

specific targets while limiting thermal damage to the surrounding area. However, a high 

photon density is usually required to produce the desired therapeutic outcome for target 

chromophores (e.g., port wine stain) in deep tissue layers. In such cases, cryogen spray 

cooling is frequently utilized to minimize the thermal damage (scarring and 

dyspigmentation) to superficial skin layers (Chang, and Nelson 1999, 767-72). Well-

controlled tissue compression may maximize the therapeutic outcome by increasing the 

photon density delivered to the target chromophores while minimizing the thermal 

damage to the surrounding cellular constituents. With tissue compression, glycerol can 

be simultaneously applied to deliver a greater photon density to target chromophores. 

The tissue response to laser irradiation depends on the wavelength, power density, and 

pulse duration of the laser and the optical and thermal properties of the tissue 

(Grossweiner, Grossweiner, and Gerald Rogers 2005, 57-92). Our study focused on 
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altering the tissue light-scattering properties using two methods (compression and 

glycerol). These methods can be utilized independently or in combination to effectively 

increase the photon density in tissue. 

In conclusion, the use of glycerol in conjunction with tissue compression can deliver 

more photons to deeply located chromophores by effectively improving the LBP in tissue. 

Therefore, these methods should be considered as important parameters for maximizing 

the therapeutic outcome of dermatological laser procedures. 
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Chapter 3 

Minimally invasive laser needle system 

 

3.1 Introduction 

As discussed in section 1.4, we examined the inherent light energy loss problem of LLLT. 

We applied chemical and mechanical clearing methods to porcine skin samples to 

increase the transmitted light energy. This increased the maximum intensity by 4.2-fold 

and total intensity by 2.6-fold at FWHM. However, the light energy loss problem can 

potentially reduce the therapeutic efficacy of LLLT. In a previous study, the minimally 

invasive laser needle system (MILNS) was developed to address the inherent light energy 

loss problem and increase the therapeutic efficacy of LLLT; it was confirmed to improve 

the structural parameters of osteoporotic mice (Ryu 2009, 54). MILNS can deliver light 

to deep targets in tissue without light energy loss; thus, direct stimulation of biological 

cells and increased treatment efficacy are possible at low light intensities. With MILNS, 

ultraviolet and visible light, which have stronger light scattering at higher levels of 

energy compared to NIR light and strong bio-stimulation effects on cells, can be used for 

deep tissue targets because the penetration depth need not be considered (Huang, Chen, 

and Hamblin 2009, 1669, Silveira et al. 2009, 89-92). 

 

3.2 Minimally invasive laser needle system (MILNS) 

3.2.1 Optical system 
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In 2009, our research group developed the MILNS using a fine hollow needle (Ryu 2009, 

54). Figure 3.2.1(a) and (b) shows the early stages of the MILNS design for direct laser 

stimulation of deep sites in tissue and a schematic diagram of the laser needle probe, 

respectively (Ryu 2009, 54). A 660 nm diode laser (#ML101J27, ThorLabs, Newton, NJ) 

with a power of 130 mW is the light source. The laser is focused into an optical fiber by 

an objective lens (#M-5X, Newport, Irvine, CA). A neutral density (ND) filter is used to 

control the optical density, and an optical chopper is used for frequency modulation of 

the laser. For the fine laser needle probe, an optical fiber with a core diameter of 100 μm 

is integrated into a hollow needle (outer diameter: 300 μm, inner diameter: 130 μm) by 

removing the jacket of the optical fiber in order to directly stimulate the deep site. The 

hollow needle is made from STS 304, which is clinically used for acupuncture needles, 

has good corrosion and heat resistance, and is nonmagnetic. 

  

(a)                              (b) 

Figure 3.2.1. Optical setup of MILNS (Ryu 2009, 54) 

To stabilize the laser output due to the optical axis transition according to the exchange 

of optical fibers and miniaturize the system, we optimized MILNS using a laser diode 

controller, thermoelectric cooler (TEC) controller, and fiber port. Figure 3.2.2 shows the 

optimized MILNS, which can control the light intensity and pulse modulation. The 
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optimized MILNS employs a 660 nm diode laser (#ML101J27, ThorLabs, Newton, NJ) 

on a laser diode mount (#LDM21, ThorLabs, Newton, NJ) as the light source. A laser 

diode driver (#IP500, ThorLabs, Newton, NJ) controls the laser intensity, and a TEC 

controller (#TCM1000T, ThorLabs, Newton, NJ) maintains a stable laser diode 

temperature. Pulse mode irradiation is performed by connecting a function generator 

using a Bayonet Neill–Concelman (BNC) cable. After the laser is collimated by an 

aspheric lens (#C230TME-B, ThorLabs, Newton, NJ) on the laser diode mount, it is 

focused to the optical fiber (#AFS105/125Y-CUSTOM, ThorLabs, Newton, NJ) by a 

fiber port (#PAF-X-11-PC-A, ThorLabs, Newton, NJ). At the distal end of the optical 

fiber, it is combined with a fine hollow needle (outer diameter: 300 μm, inner diameter: 

130 μm) that is made of stainless steel, owing to its good corrosion and heat resistance 

and nonmagnetism. The laser irradiates through the fine hollow needle and diffuses in 

the tissue. 

 

Figure 3.2.2. Optimized MILNS 
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3.2.2 Prototype 

The optimized MILNS was integrated into a prototype treatment modality for 

musculoskeletal diseases. Figures 3.2.3 and 3.2.4 show the prototypes of single and 

multi-channel MILNS systems, respectively: (a) front panel, (b) back panel, and (c) inner 

composition. The prototype of the optimized MILNS has a front panel to control the 

system. The front panel contains an on/off switch to operate the laser diode, control knob 

to vary the laser power, BNC connector for pulse modulation, and optical fiber port for 

the optical needle probe. The back panel has a system power switch, power cord 

connector, and air vent for thermal cooling. The single-channel system employs a 660 nm 

laser diode as the light source and two SMPS for independent stable power of the laser 

diode controller and TEC controller. The multi-channel system uses five laser diodes 

(one with 405 nm, one with 532 nm, and three with 660 nm) as light sources and one 

SMPS to stabilize the power to all controllers. For fine alignment of the laser diode, the 

laser diode mount (#LDM21, ThorLabs, Newton, NJ) was changed to a TE-cooled laser 

mount (#TCLDM9, ThorLabs, Newton, NJ). Figure 3.2.5(a) and (b) shows the single and 

multi-channel MILNS with the connected laser needle probe, respectively. Figure 

3.2.5(c) and (d) shows the laser needle probe and laser needle, respectively, of MILNS. 

The laser needle probe was manufactured by combining the laser needle and optical fiber. 

At the distal end of the optical fiber, the fiber jacket of the optical fiber is stripped by the 

length of the needle; the optical fiber is inserted into the needle, and the two are 

combined by dissolving the optical fiber jacket. 
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Figure 3.2.3. Single-channel MILNS 
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Figure 3.2.4. Multi-channel MILNS 
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Figure 3.2.5. (a) Single-channel MILNS, (b) multi-channel MILNS, (c) laser probe 

needle probe, and (d) laser needle. 
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Chapter 4 

Osteoporosis with MILNS 

 

4.1 Introduction 

Bone loss reduces bone mineral density and alters non-collagenous proteins in bone, 

which disrupts bone micro-architecture; it is primarily caused to bone diseases such as 

osteoporosis and fracture (Muniz Renno et al. 2006, 202-7, Pires-Oliveira et al. 2010, 

2109-14). Osteoporosis resulting from bone loss is affected by not only the trabecular 

bone quality but also the cortical bone quality; it leads to an increased risk of bone 

fragility. Contributing factors to osteoporosis include estrogen deficiency (Watts et al. 

2008, 473-477) and insufficient weight-bearing activity (Ko, Seo, and Kim 2011, 

111003). Skeletal unloading, such as immobilization and microgravity, causes a rapid 

and marked bone loss that is associated with malfunctioning bone homeostasis 

(decreased bone formation and increased resorption) (Ito et al. 2002, 594-8, Ko, Seo, and 

Kim 2011, 111003, Suzue et al. 2006, 722-34). 

LLLT has been applied to bone as a treatment modality owing to the biostimulatory 

effect of low-level lasers (Kazem Shakouri et al. 2010, 73-7, Muniz Renno et al. 2006, 

202-7, Nicola et al. 2003, 89-94, Ninomiya et al. 2007, 140-8, Pires-Oliveira et al. 2010, 

2109-14, Pretel, Lizarelli, and Ramalho 2007, 788-96, Renno et al. 2006, 202-6). Bio-

stimulation of a bone site increases the proliferation and differentiation of osteoblast 

cells and vascularization for osteogenesis (Ninomiya et al. 2007, 140-8, Pires-Oliveira et 

al. 2010, 2109-14, Pretel, Lizarelli, and Ramalho 2007, 788-96, Stein et al. 2005, 161-6). 

The laser is absorbed by chromophores in the tissue such as porphyrins and cytochromes 
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and is transformed into metabolic energy, which stimulates the cells in the membrane. 

ATP synthesis and mitosis then occur for osteoblast maturation and the production of an 

extracellular matrix (Kazem Shakouri et al. 2010, 73-7, Nicola et al. 2003, 89-94, Pretel, 

Lizarelli, and Ramalho 2007, 788-96, Renno et al. 2006, 642-5, Stein et al. 2005, 161-6). 

Although the LLLT mechanism in bone treatment is unclear, recent studies have reported 

that low-level laser energy applied to bone tissue is transformed to metabolic energy by 

intercellular chromophores and affects the calcium transport in the bone treatment 

process; this results in accelerated bone generation (Kazem Shakouri et al. 2010, 73-7). 

In other words, laser irradiation influences bone homeostasis by improving mitochondrial 

activity through an increased mitotic process and activation of ATP production (Pires 

Oliveira et al. 2008, 401-4). In addition, many in vivo studies have reported that LLLT 

enhances the proliferation and differentiation of osteoblasts and suppresses osteoclast 

activity; its efficacy has been proven for bone treatment (Kazem Shakouri et al. 2010, 73-

7, Nicola et al. 2003, 89-94, Ninomiya et al. 2007, 140-8, Pires-Oliveira et al. 2010, 

2109-14, Pretel, Lizarelli, and Ramalho 2007, 788-96, Renno et al. 2006, 642-5, 2006, 

202-6). Ninomiya et al. conducted an in vivo study and reported enhanced bone 

formation in tissue by producing a physical stress wave using a 1064 nm laser with 

nanosecond pulses (Ninomiya et al. 2007, 140-8). They showed that the stress wave 

increased osteoblast activity and suppressed the osteoclast number, which increased the 

cartilage matrix volume in the tissue. Pretel et al. evaluated the effectiveness of LLLT in 

rat models with bone defects and observed an absence of inflammatory cells, faster bone 

formation with blood capillaries, and more intense anisotropy of collagen fibers in the 

early stages of the laser treatment group compared to the control group (Pretel, Lizarelli, 

and Ramalho 2007, 788-96). Pires-Oliveira et al. reported that a 904 nm laser can reduce 

the bone regeneration time and is particularly effective in the initial stage of bone repair 
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(Pires-Oliveira et al. 2010, 2109-14). Renno et al. reported that 830 nm laser irradiation 

of osteopenic rats prevented the degradation of bone quality parameters such as volume 

and density and preserved biomechanical properties such as maximal load and energy 

absorption (Renno et al. 2006, 642-5). 

In previous studies, bone sites in deep tissue layers were indirectly stimulated by 

irradiating the skin surface or directly stimulated by revealing the bone site by tissue 

incision. Indirect laser stimulation limits the photon density at the bone site of interest 

owing to light scattering from light propagation in soft tissue (Ninomiya et al. 2007, 140-

8). Direct laser stimulation by tissue incision can potentially inflame the tissue. In this 

study, we applied MILNS to osteoporotic mice and evaluated the therapeutic efficacy to 

address the limitations of current methods. 

Bone tissue may vary in micro-architecture both within and between individuals of the 

same genetic background, gender, and age (Ko, Seo, and Kim 2011, 111003, Waarsing et 

al. 2004, 163-9). In addition, bone adapts to extrinsic factors such as a reduction in 

weight-bearing activity and to intrinsic factors such as estrogen deficiency. Hence, bone 

adaptation to stimuli such as LLLT must be observed over time with a comparison to the 

baseline status to determine the overall effect (Klinck, and Boyd 2008, 70-9, Squire et al. 

2008, 341-9). 

In this study, we applied MILNS to two osteoporotic mice models displaying skeletal 

unloading and estrogen deficiency. The therapeutic efficacy of MILNS at preventing 

and/or treating osteoporosis was evaluated by the well-established in vivo micro-

computed tomography (μ-CT) technique and histological analysis (Ko, Seo, and Kim 

2011, 111003, Lim et al. 2011, 116-25). 
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4.2 Effects of MILNS on osteoporotic mice induced by denervation 

4.2.1 Introduction 

One factor that affects the development of osteoporosis is skeletal unloading. Skeletal 

unloading is caused by space flight, bed rest, and immobilization; it decreases bone 

formation and induces bone mineral deficits. In our previous study, we analyzed the bone 

structural parameters of mice in which osteoporosis was induced by sciatic neurectomy 

(denervation) (Ryu 2009, 54). In order to evaluate the effect of laser irradiation on the 

treatment of bone loss more specifically, we quantitatively analyzed the bone quality in 

terms of the bone mineralization density distribution (BMDD). We also quantitatively 

studied the effects of laser therapy on the population of bone cells (i.e., osteocytes, 

osteoblasts, and osteoclasts) through histological analysis. To our knowledge, few studies 

have used bone quality as a parameter to quantitatively investigate the effects of laser 

therapy on bone loss. Because the material of identical bones is anisotropic and 

heterogeneous, the BMDD may be a more effective parameter for investigating bone 

material properties than bone mineral density or bone mineral content (Boivin et al. 2009, 

1023-6, Kang et al. 2012, 965-9, Ko, Seo, and Kim 2011, 111003). 

 

4.2.2 Materials and methods 

Animal preparation and minimally invasive laser stimulation 

All experimental procedures were approved by the Animal Care Committee (YWC-

P102) of Yonsei University, Korea. We used 12 virgin mice (age: 6 weeks, average 

weight: 24.2±0.8 g) from the Institute of Cancer Research (ICR). The young mice model 

was used since we assumed that the target model would be a man in space. Normally, 
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osteoporosis frequently occurs in older people, especially in women. However, space 

exploration is usually performed by younger men, and their bones are affected by 

unloading in space. In such an environment, we assumed that laser stimulation may 

suppress bone loss by unloading. The mice were housed in standard conditions (room 

temperature: 23±2 °C, humidity: 50±10%) with a light cycle of 12 h and fed standard 

laboratory chow and water ad libitum. Table 4.2.1 presents the experiment schedule. The 

mice were subjected to sciatic neurectomy (denervation) on the right hind limb and 

maintained in natural conditions for 2 weeks to induce site-specific bone loss. (Morey-

Holton and Globus 1998, 83S-88S). Bone loss was verified by evaluating the variation in 

bone quality (55.0% decrease in bone volume fraction (BV/TV) of trabecular bone, 

26.3% decreases in mean polar moment inertia (MMI), and 6.8% decrease in cross-

section thickness (Cs.Th) of cortical bone compared to the corresponding values before 

denervation). After bone loss was confirmed, the mice were randomly divided into two 

groups: laser (6 mice) and sham (6 mice). The sham and laser groups were stimulated by 

a fine needle without laser and with laser treatment, respectively. The laser was 

irradiated through the fine hollow needle at a 5 mm distance from the proximal end of the 

tibia. Figure 4.2.1 shows the region of interest in the tibia that was stimulated by the 

minimally invasive laser and scanned by μ-CT. The movements of both the sham and 

laser groups were restricted by a customized restrainer, and the fine laser needle probe 

was fixed manually during stimulation. The bone site of interest was stimulated at the 

tibia of the right hind limb for 5 days a week for 2 weeks. In consideration of the tissue 

optical window, a 660 nm laser diode was used as the light source owing to the low 

absorbance of the tissue composition. The laser power was set to 10 mW, and the site 

was illuminated in continuous wave mode for 300 s. The total irradiated laser energy was 

3 J. 
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Table 4.2.1. Experiment schedule 

 

 

 

Figure 4.2.1. Region of interest in tibia 

 

BMDD analysis 

The tibiae of mice were scanned 0 weeks before MILNS stimulation and 2 weeks after 

MILNS stimulation with in vivo μ-CT (Skyscan 1076, Skyscan NV, Belgium) at a 

resolution of 18 µm3 under anesthesia (O2 with 2% isoflurane) and analyzed by a CT-

analyzer (CT-AN 1.8, Skyscan NV, Belgium). It is very important to correct the beam 

hardening error when measuring the BMDD using in vivo μ-CT (Mulder, Koolstra, and 

Van Eijden 2004, 769-77). In this study, the beam hardening effect was corrected by flat-

field correction before animal scanning, and correction parameters were used for beam 

hardening during the reconstruction. Beam filtration may be useful to reduce or remove 

low-energy radiation during scanning (Meganck et al. 2009, 1104-16). The histogram of 
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the BMDD was calibrated using two phantoms (0.25 g/mm3, 0.75 g/mm3) before 

measurement. The x-ray attenuation coefficient was represented as mineralization in the 

trabecular bone. The distribution of the trabecular thickness was analyzed. 

 

Histological analysis 

Mice were sacrificed by cervical dislocation 2 weeks after MILNS stimulation. The right 

tibiae were extracted, and the other soft tissues were removed. The tibiae were fixed in 

10% formalin for 3 days. They were then decalcified with 10% ethylene diamine tetra-

acetic acid (EDTA) solution and embedded in paraffin blocks. Then, 5-μm-thick sagittal 

sections of the trabecular bone of the tibiae were prepared. The sections were stained 

with hematoxylineosin (HE) for osteocyte (1/mm2) and osteoblast (1/mm) counting. The 

osteoclast number (1/mm) was counted on tartrate-resistant acid phosphatase (TRAP)-

stained sections. Methylene blue was used for background staining. 

 

Statistical analysis 

A Student’s t-test was performed to compare the relative variation in the number of bone 

cells of the laser and sham groups. All descriptive data were expressed as mean ± 

standard error. Statistical analysis was carried out using SPSS 12.0 (SPSS Inc., Chicago, 

IL, USA). The significance level was set at p < 0.05. 
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4.2.3 Results 

BMDD 

Figure 4.2.2 shows the BMDD of the trabecular bone before and after 2 weeks of MILNS 

stimulation. Before the MILNS stimulation, the BMDD in the laser group was similar to 

that in the sham group. After 2 weeks of MILNS stimulation, the bone mineralization 

density index became lower for the sham group but stayed almost the same for the laser 

group. 

 

Figure 4.2.2. Distribution of bone mineralization density in trabecular bone 

Figure 4.2.3 shows the transition of the trabecular thickness distribution after 2 weeks of 

MILNS stimulation. Before MILNS stimulation, the two groups showed no difference in 

the distribution of trabecular thickness; after 2 weeks of MILNS stimulation, the 

distribution was maintained for the laser group but shifted to lower mineralization and 

became slightly narrower for the sham group. 
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Figure 4.2.3. Distribution of trabecular thickness 

Figure 4.2.4 shows the BMDD transition of the cortical bone. Similar to the trabecular 

bone, the analogous distributions of the two groups at 0 weeks changed after 2 weeks of 

MILNS stimulation. After 2 week of MILNS stimulation, the BMDD of the laser group 

shifted to a higher bone mineralization density; conversely, the BMDD of the sham group 

shifted to a lower bone mineralization density. 

 

Figure 4.2.4. Distribution depending on bone mineralization density index of cortical 

bone 
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Figure 4.2.5 shows the transition of the x-ray attenuation distribution in cortical bone 

before and after 2 weeks of stimulation using a pseudo color index. After 2 weeks of 

MILNS stimulation, the sham group showed a lower x-ray attenuation index compared to 

the laser group. 

 

Figure 4.2.5. X-ray attenuation distribution of cortical bone 

Figures 4.2.6 and 4.2.7 compare the bone structure transitions of the two groups in the 

trabecular and cortical bone, respectively. The dark-red region shows the transition of the 

bone structure (white: 0 week, red: 2 weeks). 

 

Figure 4.2.6. Overlaid bone structure of trabecular bone in (a) laser group and (b) sham 

group (white: 0 week, red: 2 weeks) 
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Figure 4.2.7. Overlaid bone structure of cortical bone in (a) laser group and (b) sham 

group (white: 0 week, red: 2 weeks) 

 

Histology 

Figure 4.2.8 shows that, after 2 weeks of MILNS stimulation, the density of osteocytes 

(1/mm2) and number of osteoblasts (1/mm) in the laser group (436.0 ± 18.2, 48.0 ± 5.4) 

were significantly higher than those in the sham group (280.9 ± 27.5, 32.3 ± 1.2). 

Conversely, the number of osteoclasts (1/mm) in the laser group (2.5 ± 0.2) was 

significantly lower than that in the sham (4.1 ± 0.4). As shown in Figure 4.2.8(d), more 

and thicker trabeculae were observed in the laser group than in the sham group. 

 

(a)                                (b) 
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(c)                                 (d) 

Figure 4.2.8. Histology results: (a) number of osteoblasts, (b) number of osteoclasts, (c) 

density (1/mm2) of osteocytes, and (d) magnified images of a histological section (×40). 

Results are represented as mean ± standard error, *: p < 0.05. 

 

4.2.4 Discussion 

Several studies have suggested that laser irradiation may be effective at the healing or 

regeneration of defective bones (Diniz et al. 2009, 347-52, Pinheiro, and Gerbi 2006, 

169-78, Stein et al. 2005, 161-6). However, a marked loss of laser energy that reaches 

bone when penetrating biological tissues may occur. In order to minimize the loss of 

laser energy that reaches bone, we used the minimally invasive LLLT system for the 

treatment or prevention of bone loss induced by skeletal unloading. 

Skeletal unloading induces alterations in osteoblastogenesis (Basso et al. 2005, 370-8, 

Dufour, Holy, and Marie 2007, 394-403), resulting in the reduction of the lifespan, 

number, and function of osteoblasts (Ahdjoudj et al. 2002, 668-77, Dufour, Holy, and 

Marie 2007, 394-403) and the increased osteoblast apoptosis (Basso et al. 2005, 370-8, 

Dufour, Holy, and Marie 2007, 394-403), which decreased bone formation. Skeletal 
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unloading also induces osteocyte apoptosis and osteoclast recruitment, which increases 

bone resorption (Aguirre et al. 2006, 605-15). These alterations in bone homeostasis 

induce a significant bone loss. In this study, consequently, 2 weeks of skeletal unloading 

weakens the torsional strength of bone (Morey-Holton, and Globus 1998, 83S-88S), 

which ultimately decreases the bone mass and increases the risk of bone fracture. 

In this study, the laser group maintained the BMDD in the trabecular bone and increased 

it to a higher index in the cortical bone, whereas the sham group shifted to a lower 

mineralization index. The BMDD transition of the sham group suggested that unloading 

may alter bone turnover and thus decrease bone strength, which can increase the bone 

fragility and fracture risk. However, the BMDD transition of the laser group suggested 

that laser stimulation may enhance bone mineralization and suppress alterations in bone 

turnover to prevent alterations to bone homeostasis (Boivin et al. 2009, 1023-6, Roschger 

et al. 2008, 456-66). Bone mineralization is known to be an important determinant factor 

that influences bone mechanical characteristics (Boivin et al. 2009, 1023-6). The bone 

stiffness and strength decreased at lower mineralization rates and increased at higher 

mineralization rates (Ciarelli, Fyhrie, and Parfitt 2003, 311-5). These results suggest that 

MILNS stimulation may enhance bone qualities such as bone structural properties and 

bone mineralization and thus reduce the risk of fracture. These BMDD transitions were 

consistent with the changes in bone structure that are shown in Figures 4.2.6 and 4.2.7. 

Osteocytes are the mechanosensory cells of bone (Aguirre et al. 2006, 605-15, Skerry 

2008, 117-23). They also regulate the activities of osteoblasts and osteoclasts, which 

leads to bone loss or gain according to external stimuli (Aarden, Nijweide, and Burger 

1994, 287-299). An increase in osteocyte apoptosis, which occurs after skeletal 

unloading (Aguirre et al. 2006, 605-15), induces bone loss and bone fragility (Tomkinson 
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et al. 1997, 3128-35). A previous study showed that the rate of remodeling is negatively 

correlated with the number of osteocytes; a significant increase in the number of 

osteocytes suppresses bone remodeling (Metz, Martin, and Turner 2003, 753-9). After 2 

weeks of MILNS stimulation, the laser group was observed to have more osteoblasts and 

osteocytes than the sham group. In contrast, the sham group had more osteoclasts than 

the laser group. Our results suggest that MILNS stimulation may effectively prevent 

osteoblast and osteocyte apoptosis associated with the suppression of osteoclast 

recruitment and thus diminish the progress of bone loss and fragility. MILNS stimulation 

may also suppress alterations in bone turnover based on the laser group maintaining the 

BMDD. 
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4.3 Effects of MILNS in ovariectomized mice 

4.3.1 Introduction 

In a previous study, Lim et al. showed that low-intensity ultrasound stimulation may 

increase bone quantity at the site of direct treatment but not at the far end of the same 

bone (Lim et al. 2011, 116-25). The effects of direct biophysical stimulation may not 

enhance bone regeneration at locations away from the stimulated site, and the response 

may differ between locations on the same bone (Waarsing et al. 2004, 163-9). The spatial 

distribution of the effect relative to the stimulation site must be determined. To the best 

of our knowledge, no study has addressed the spatial distribution of LLLT effects on 

osteoporotic bone loss following estrogen deficiency. We evaluated LLLT using MILNS 

as a preventive and therapeutic intervention against trabecular bone loss following 

estrogen deficiency. We also evaluated the spatial distribution of the LLLT effect in bone 

relative to the site of laser therapy. 

 

4.3.2 Materials and methods 

Animal preparation 

All procedures were performed according to a protocol that was approved by the Yonsei 

University Animal Care Committee (YWC-090213-1). Table 4.3.1 presents the 

experiment schedule. Twenty 12-week-old virgin female ICR mice were ovariectomized 

(OVX) bilaterally to induce osteoporosis. Mature (12-week-old) mice models were used 

since natural bone loss is especially accelerated in postmenopausal women aged 40 years 

or older. Estrogen deficiency is the major determinant of bone loss after menopause. The 

mice were anesthetized during surgery and μ-CT scanning with a combination of 
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xylazine (0.5 mL/kg, Bayer Korea, Korea) and ketamine (1.5 mL/kg, Huons, Korea). 

Two weeks after OVX, significant bone loss was confirmed by a 39.6% decrease in bone 

volume fraction (BV/TV %). Because four mice did not display significant bone loss 

(BV/TV % increased 18.1%), these mice were excluded from the study. 

 

Table 4.3.1. Experiment schedule  

 

 

Low-level laser therapy 

Sixteen mice with osteoporosis were randomly divided into two groups of eight mice to 

receive laser and sham stimulations, respectively. The tibiae of mice in the laser group 

were stimulated by MILNS (Kang et al. 2012, 965-9). The laser parameters used in 

previous studies to confirm the effectiveness on skeletal unloading animal model were 

used (Kang et al. 2012, 965-9, Ko et al. 2013). Each tibia was directly irradiated with the 

laser for 300 s (energy: 3 J), 5 days a week for 2 weeks (Figure 4.3.1) (Kang et al. 2012, 

965-9). The tibiae of mice in the sham group were stimulated with only the fine needle. 
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Figure 4.3.1. Illustration of LLLT experimental system and parameters. 

 

Measurements of structural parameters 

Tibiae were scanned before and after 2 weeks of MILNS stimulation using in vivo μ-CT 

(Skyscan 1076, SKYSCAN N.V., Belgium). The following scanning parameters were 

set: 85 kV, 118 μA, 2065 ms of exposure, 1.0-mm aluminum filter, and 0.7° rotation. 

Structural parameters of the trabecular bone of the tibia were measured and quantified to 

evaluate the effects of MILNS stimulation on the osteoporoic bone (Figure 4.3.2(a)). The 

following structural parameters were measured and quantified: BV/TV, trabecular 

thickness (Tb.Th, mm), trabecular separation (Tb.Sp, mm), trabecular number (Tb.N, 

mm-1), and structure model index (SMI, where 0 is an ideal plate and 3 is a rod with a 

trabecular shape). To evaluate the influence of spatial orientation on the MILNS 

stimulation, 2-D cross-sectional images of trabecular bone were subdivided into three 

regions of interest (ROIs) (Figure 4.3.2(b): (R1) site for direct treatment of laser therapy, 

(R3) site farthest from the treatment site, and (R2) site between R1 and R2). The ROIs 

were 1.0 mm in diameter, which corresponded to the maximum selectable diameter in the 

medullary cavity (Lim et al. 2011, 116-25). To differentiate between the bone and non-
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bone in the grayscale μ-CT images, the threshold value for the bone was set to 95–255, 

which was constant throughout the μ-CT image analysis. 

 

Figure 4.3.2. Locations of regions of interest: (a) whole trabecular bone and (b) part of 

trabecular bone 

 

Statistical analysis 

To determine the effects of MILNS stimulation on osteoporotic bone, the relative 

variation (RV) was calculated for each structural parameter as follows: (value at 2 

weeks/value at 0 weeks) × 100 (%). These values were then compared using the 

Student’s t-test performed with SPSS 17.0 (SPSS Inc., Chicago, IL, USA). The 

significance level was set at 0.05. 

 

4.3.3 Results 

Table 4.3.2 lists the structural parameters at 0 and 2 weeks. After 2 weeks of MILNS 

stimulation, BV/TV and Tb.N tended to decrease in both the laser and sham groups, and 

Tb.Sp and SMI tended to increase (Figure 4.3.3). A value of 100% means no transition of 

structural parameters as the baseline. Tb.Th increased slightly in the laser group but 
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decreased slightly in the sham group. The RVs of BV/TV and Tb.N in the laser group 

were significantly lower than that in the sham group (p < 0.05 for both). However, the 

RVs of Tb.SP and SMI were significantly higher in the laser group than in the sham 

group (p < 0.05 for both). The RV of Tb.Th tended to be lower in the laser group than in 

the sham group, but there was no significant difference between groups (p > 0.05). Such 

quantitative differences in structural parameters are shown in Figure 4.3.4, which 

presents the longitudinal 3-D images of trabecular bone microarchitecture in an identical 

mouse from each group. 

 

Table 4.3.2. Structural parameters before and after LLLT (mean ± standard error) 

 

 

Treatment 

Group 

BV/TV (%) Tb.Th (mm) Tb.Sp (mm) Tb.N(1/mm) SMI 

0 

week 

2 

week 

0 

week 

2 

week 

0 

week 

2 

week 

0 

week 

2 

week 

0 

week 

2 

week 

LASER 

6.33 

± 

0.86 

4.97 

± 

0.79 

0.08 

± 

0.00 

0.08 

± 

0.00 

0.43 

± 

0.03 

0.49 

± 

0.02 

0.79 

± 

0.09 

0.60 

± 

0.09 

2.61 

± 

0.04 

2.70 

± 

0.05 

SHAM 

7.64 

± 

0.95 

3.77 

± 

0.90 

0.08 

± 

0.00 

0.08 

± 

0.00 

0.42 

± 

0.02 

0.54 

± 

0.03 

0.92 

± 

0.10 

0.45 

± 

0.10 

2.57 

± 

0.05 

2.80 

± 

0.08 
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Figure 4.3.3. Comparison of relative variations of structural parameters between laser 

and sham groups. Black bar: laser group; white bar: sham group; *, p < 0.05, mean ± 

standard error 

 

 

Figure 4.3.4. Representative longitudinal 3-D images showing changes in trabecular bone 

microarchitecture in ovariectomized mice 

 

To assess the site-specific adaptations to MILNS stimulation in bone and determine the 

influence of spatial orientation for the treatment, BV/TVs in three ROIs in the trabecular 



54 
 

bone were analyzed. Table 4.3.3 lists the BV/TVs in each ROI before and after MILNS 

stimulation, and Figure 4.3.5 shows their RV 2 weeks after MILNS stimulation. After 2 

weeks of MILNS stimulation, the BV/TVs in R1–R3 tended to increase in the laser group. 

In the sham group, the BV/TVs tended to decrease in R1 and R2 but slightly increased in 

R3. The RV of BV/TV in R1 and R2 of the laser group were higher than that in the sham 

group (p < 0.05, p < 0.05). However, the RV in R3 did not differ significantly between 

the laser and sham groups (p > 0.05). 

 

Table 4.3.3. BV/TV (%) at bone regions R1–R3 before and after MILNS stimulation 

(mean ± standard error) 

 

 

 

Treatment 

Group 

R1 R2 R3 

0 week 2 week 0 week 2 week 0 week 2 week 

LASER 

14.77 

± 

2.38 

14.26 

± 

3.24 

13.11 

± 

2.67 

13.56 

± 

2.51 

15.16 

± 

3.29 

18.66 

± 

5.06 

SHAM 

19.67 

± 

4.00 

11.87 

± 

4.15 

16.37 

± 

2.86 

11.55 

± 

4.01 

17.06 

± 

3.78 

19.07 

± 

6.09 
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Figure 4.3.5. Comparison of relative variations of BV/TV between laser and sham groups. 

Black bar: laser group; white bar: sham group; *, p < 0.05, mean ± standard error 

 

4.3.4 Discussion 

In this study, we found that LLLT using MILNS may be effective at preventing and/or 

treating trabecular bone loss in osteoporosis. We also found that the quantitative and 

qualitative effects of LLLT at a bone site may depend on the distance and direction of 

that site from the treatment site. 

Two weeks after MILNS stimulation, BV/TV and Tb.N tended to decrease and Tb.Sp 

and SMI tended to increase in both groups. This suggests continuous deterioration of 

osteoporotic bone regardless of minimally invasive laser stimulation. However, the laser 

group showed a significantly lower rate of RV for BV/TV and Th.N and significantly 

higher rate of RV for Tb.Sp and SMI. This suggests that MILNS stimulation may 

suppress the continuous deterioration of osteoporotic bone, which is consistent with the 

findings of a previous study (Renno et al. 2006, 202-6). The rates of RV at R1 and R2 

were significantly lower after treatment in the laser group than in the sham group, but the 

rate of RV at R3 did not differ between the groups. Therefore, the treatment outcome 
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may depend on the location and direction of the laser stimulation. This is consistent with 

previous findings that the cell behavior may depend on the temporal and positional 

characteristics of the information received (Waarsing et al. 2004, 163-9, Wolpert 2011, 

359-65). The bone cell response to an external stimulus may also depend on the local 

translation of that stimulus, e.g., through deformation of the bone matrix or strain-energy 

density at the site (Henderson, and Carter 2002, 645-53, Huiskes et al. 2000, 704-6, Lim 

et al. 2011, 116-25). 

Interestingly, the change in overall BV/TV of both groups did not seem to correspond to 

the sum of changes in BV/TVs at each region. Although OVX induced significant overall 

trabecular bone loss, there were regional variations in the magnitude and/or rate of bone 

loss (Gong et al. 2005, 174-80, Ito et al. 2002, 594-8, Lim et al. 2011, 116-25). In 

particular, the microarchitecture of the trabecular bone showed marked deterioration in 

the central region but was relatively preserved at the peripheral region, which was close 

to the cortical bone (Ito et al. 2002, 594-8). The differences between the change in 

overall BV/TV and sum of changes in BV/TVs for each region may be due to these 

points. 

The BV/TV result for the site farthest from the treatment site (R3) was better than those 

at the other sites (R1, R2). This result might be caused by the limitations of needle 

insertion procedures, as stated by Abolhassani et al. (Abolhassani, Patel, and Moallem 

2007, 413-31). Throughout this study, there were no side effects—e.g., swelling, defect, 

inflammation, or/and injury—that were observed at the stimulated sites in the mice. 

However, further studies are needed to investigate whether our treatment method causes 

side effects on the bones, particularly the needle insertion procedure. Additionally, site-

specific stimuli on partial bone may cause systemic effects at other sites or bones 
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(Sample et al. 2010, 2016-28). Therefore, the better BV/TV results for the site farthest 

from the laser irradiation may be due to bone homeostatsis as well as drawbacks of the 

needle insertion procedures. 

Although we did not verify the mechanisms for these effects, previous studies showed 

that LLLT may stimulate osteoblast proliferation and differentiation (Stein et al. 2005, 

161-6) and suppress osteoclast activity by reducing the RANKL:OPG mRNA ratio in 

osteoblasts and inhibiting osteoclast differentiation (Xu et al. 2009, 309-15). LLLT may 

also influence bone cell activity indirectly by modulating the transcription factor activity 

and inducing protein synthesis. In response to LLLT, mitochondrial activity increases; 

the release of reactive oxygen species may up-regulate genes related to cellular behaviors 

such as proliferation and migration (Chung et al. 2012, 516-33, Pires Oliveira et al. 2008, 

401-4). Thus, LLLT may improve bone formation and suppress bone resorption through 

a combination of mechanisms. 
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Chapter 5 

Arthritis with MILNS 

 

5.1 Introduction 

Various fields have recently applied LLLT to orthopedic diseases such as osteoporosis, 

muscle repair, and arthritis therapy due to the bio-stimulation effect (Basford 1995, 331-

42, Johannsen et al. 1994, 145-7). Arthritis is a representative orthopedic disease; it is a 

chronic joint disorder that originates from inflammation of the musculoskeletal system, 

such as synovitis (Alves et al. 2013, 529-36, Goats et al. 1996, 311-320). Arthritis 

induces not only pain but also joint dysfunction, which can eventually result in cartilage 

and bone destruction (Meireles et al. 2010, 501-9, Zhang et al. 2011, 707-17). 

Many studies have demonstrated the positive clinical performance of LLLT as a 

treatment modality for arthritis; improvements in skeletal joint movements such as hand 

grip strength and morning stiffness have been seen as the immunomodulating effect 

(Brosseau et al. 2005, CD002049). According to these previous studies, LLLT influences 

the immune system by increasing both the phagocytic and chemotactic activities of 

leukocytes and reducing the inflammatory process itself (Alves et al. 2013, 529-36, Goats 

et al. 1996, 311-320). However, in clinical papers, there are a lot of controversies about 

the effectiveness of LLLT for arthritis, because the mechanism of LLLT is still 

undefined. Clinical studies have differed in therapeutic parameters such as the 

wavelength and laser energy density (Bliddal et al. 1987, 225-8, Goats et al. 1996, 311-
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320, Heussler et al. 1993, 703-6, Johannsen et al. 1994, 145-7, Meireles et al. 2010, 501-

9). 

In previous studies related to using LLLT for arthritis, most evaluated the treatment 

efficacy by scoring patient movements such as pain score and grip strength (Goats et al. 

1996, 311-320, Johannsen et al. 1994, 145-7, Meireles et al. 2010, 501-9). A few 

observed the histology by using laser stimulation on an arthritis animal model. Alves et al. 

reported that LLLT modulates the inflammatory process and has a positive effect on 

histological events in a collagen-induced arthritis (CIA) rat model (Alves et al. 2013, 

529-36). They observed that LLLT improved histological features such as necrosis, 

hyperemia, and medullary hemorrhage. Zhang et al. observed that low-level laser 

irradiation (LLLI) significantly decreased CCL2 mRNA levels, which may be one 

mechanism involved in reducing LLLI-mediated rheumatoid arthritis (RA) inflammation, 

in a CIA rat model (Zhang et al. 2011, 707-17). 

Generally, clinics use near-infrared (NIR) light for LLLT to relieve pain from 

musculoskeletal disorders due to its penetration depth. Most of the light irradiated on the 

skin is weakened because of light scattering and reflection; therefore, a small amount of 

light is transmitted and delivered at the deep target in tissue. Scattering is always a 

potential inherent problem of LLLT. In previous studies (chapter 4), we developed the 

minimally invasive laser needle system (MILNS) to address the inherent scattering and 

increase the therapeutic efficacy of LLLT and confirmed the positive therapeutic 

outcome by preventing bone loss in osteoporotic mice (Kang et al. 2012, 965-9, Ko et al. 

2013, Ko et al. 2013, 1015-9). 

In this study, we applied MILNS to two different arthritis animal models and evaluated 

the therapeutic effects. First, we applied MILNS to acute progression arthritis and 
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evaluated the therapeutic efficacy by using laser speckle imaging and histological 

analysis. Second, we investigated the synergistic effects of MILNS in combination with 

drug treatment on arthritis progression. 
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5.2 Effects of MILNS on acute progression of arthritis 

5.2.1 Introduction 

We used C57BL/6 mice with complete Freund’s adjuvant (CFA)-induced arthritis as the 

acute progression arthritis model and used MILNS as the treatment modality to suppress 

the inflammatory response. The treatment efficacy was evaluated by using laser speckle 

imaging and histological analysis. Normally, the key parameter of arthritis diagnosis is 

the degree of swelling, which is correlated with inflammatory responses and reflects the 

progression stage of arthritis. Laser speckle imaging was used to calculate the paw area, 

which reflects the degree of swelling in 2-D images, and the laser speckle index, which 

reflects the degree of arthritis progression. The macrophage population in the arthritis-

induced area was examined to evaluate the inflammatory response modulation. 

 

5.2.2 Materials and methods 

Animals and experiment design 

Eight C57BL/6 mice (aged 14 weeks) were used as an animal experiment model of 

arthritis using an adjuvant. The mice were kept under controlled standard conditions 

(room temperature: 23°C ± 2°C; humidity: 50% ± 10%) and allowed to move freely; they 

were fed standard laboratory chow and water ad libitum. The mice were divided into 2 

groups: the laser group (n = 4) and control group (n = 4). To induce arthritis, 0.05 mL of 

complete Freund's adjuvant (CFA) (# 7001, Chondrex, Redmond, WA, USA) was 

injected in the left hind paw of each mouse. Because the adjuvant elicited an acute 

response, minimally invasive laser stimulation was applied to the laser group 3 h after 

injection of the adjuvant. LSCIs were subsequently obtained every 6 h over a total of 108 
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h. Conversely, no laser stimulation was performed in the control group, and LSCIs were 

obtained. For the purposes of LSCI acquisition and minimally invasive laser stimulation, 

the mice were anesthetized with a mixture of isoflurane and oxygen. All animal 

experiments were performed in accordance with the guidelines and approval of the 

Institutional Animal Care and Use Committee of Yonsei University (YWC-130411-1). 

Table 5.2.1 presents the experiment schedule. 

 

Table 5.2.1. Experiment schedule 

 

 

Minimally invasive laser needle system 

Figure 5.2.1 shows a schematic diagram of the MILNS used for minimally invasive laser 

stimulation of the left hind paw of each mouse. A 660 nm diode laser (#ML101J27, 

ThorLabs, Newton, NJ) on a laser diode mount (#TCLDM9, ThorLabs, Newton, NJ) was 

used as a light source. The irradiated energy of the minimally invasive laser was 3 J with 

a 20 mW laser intensity for 150 s.  
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Figure 5.2.1. Schematic diagram of minimally invasive laser needle system 

 

Laser speckle imaging system 

Figure 5.2.2 shows a schematic diagram of the laser speckle imaging system. A diode 

laser (HL6512MG; 658 nm, 50 mW; Thorlabs, Newton, NJ, USA) was coupled to an 

optical fiber. A laser passed through a holographic diffuser for even illumination and was 

directed to a 1:1 beam splitter to eliminate shadowing in the sample. An image of the 

mouse’s left hind paw was captured with a charge-coupled device (CCD) camera (XC-

HR57; Sony, Tokyo, Japan) and macro zoom lens (MLM3X-MP; Computar, Commack, 

NY, USA). The exposure time was empirically determined according to preliminary 

experiments. The imaging areas were approximately 6 × 8 mm2, and the images were 

acquired at 30 Hz with a frame-grabber (DOMINO IOTA; Euresys, Angleur, Belgium). 

The paw area and LSI were obtained by calculating the total number of pixels and the 

average pixel value of paw region on LSCIs, respectively. 
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Figure 5.2.2. Schematic diagram of laser speckle imaging system 

 

Histological analysis 

After eight C57BL/6 mice were sacrificed at 14 weeks, the excised paw tissues were 

dipped in fixative/decalcifier (Thermo Fisher Scientific) for 14 days, dehydrated with 

graded ethanol, and embedded in paraffin. The paraffin blocks were cut into slices with a 

thickness of 5 μm. In order to assess the macrophage population in the laser-stimulated 

area, immunofluorescent anti-CD 68 was used as a specific macrophage marker. In brief, 

tissue sections of the middle of the hind paw were washed with PBS (pH 7.4) and 

blocked in 5% bovine serum albumin containing 0.1% Triton X-100 for 30 min. The 

sections were then incubated in a cocktail of mouse anti-CD68 (1:1000; Abcam) for 1 h 

at room temperature. After washing with 0.01 M PBS, the sections were further 

incubated for 30 min with a mixture of PE-conjugated goat anti-mouse IgG (1:5000; 

Santa Cruz Biotechnology Inc., Santa Cruz), and fluorescence images were subsequently 

acquired by fluorescence microscopy (Olympus IX81, Meta Morph ver 7.5.3.0, NY, 

USA). 
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5.2.3 Results 

Laser speckle image according to time 

Tables 5.2.2 and 5.2.3 list the results from LSCIs of the control and laser groups, 

respectively. On a macro scale, both groups showed a decreasing trend of LSI as a 

function of time owing to the characteristics of the adjuvant. However, the control group 

showed higher LSI across all measurement points compared to the laser group. 
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Table 5.2.2. Representative laser speckle image according to time of control group 

0 (before injection of 

adjuvant) 

1 (after 3 hours of 

injection) 

2 (after 9 hours of 

injection) 

3 (after 15hours of 

injection) 

     

4 (after 21 hours of 

injection) 

5 (after 27 hours of 

injection) 

6 (after 33 hours of 

injection) 

7 (after 39 hours of 

injection) 

    

8 (after 45 hours of 

injection) 

9 (after 51 hours of 

injection) 

10 (after 57 hours of 

injection) 

11 (after 63 hours of 

injection) 

    

12 (after 69 hours of 

injection) 

13 (after 75 hours of 

injection) 

14 (after 81 hours of 

injection) 

15 (after 87 hours of 

injection) 

    

16 (after 93 hours of 

injection) 

17 (after 99 hours of 

injection) 

18 (after 105 hours of 

injection) 

19 (after 111 hours of 

injection) 
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Table 5.2.3. Representative laser speckle images according to time of laser group 

0 (before injection of 

adjuvant) 

1 (after 3 hours of 

injection) 

2 (after 9 hours of 

injection) 

3 (after 15hours of 

injection) 

    

4 (after 21 hours of 

injection) 

5 (after 27 hours of 

injection) 

6 (after 33 hours of 

injection) 

7 (after 39 hours of 

injection) 

    

8 (after 45 hours of 

injection) 

9 (after 51 hours of 

injection) 

10 (after 57 hours of 

injection) 

11 (after 63 hours of 

injection) 

    

12 (after 69 hours of 

injection) 

13 (after 75 hours of 

injection) 

14 (after 81 hours of 

injection) 

15 (after 87 hours of 

injection) 

    

16 (after 93 hours of 

injection) 

17 (after 99 hours of 

injection) 

18 (after 105 hours of 

injection) 

19 (after 111 hours of 

injection) 
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Variation in paw area according to time 

Figure 5.2.3 shows the percentage variation in the paw area as a function of time. For the 

two measurement points, both groups showed a similar percentage variation. However, 

after the two measurement points, the laser group showed a lower percentage variation as 

a function of time compared to the control group. Data are expressed as the mean ± 

standard error of measurement (SEM). 
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Figure 5.2.3. Variation in paw area of two groups: control and laser 

 

Variation in laser speckle index according to time 

Figure 5.2.4 shows the percentage variation in average LSI of the paw area as a function 

of time. Similar to the paw area variation, both groups show a marked difference in LSI 

after the two measurement points. The laser group shows a lower variation as a function 
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of time compared to the control group. Data are expressed as mean ± standard error of 

measurement (SEM). 
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Figure 5.2.4. Variation in laser speckle index of two groups: control and laser 

 

Histological analysis 

The macrophage population is used as a marker for inflammation from arthritis because 

they are known to be exclusively generated in inflamed tissue. Therefore, to investigate 

the effect of minimally invasive laser stimulation, tissue sections of the left hind paw of 

both groups were examined using anti-CD68 as a macrophage cell surface marker. As 

noted in Figure 5.2.5, the control group showed a stronger red fluorescence signal of 

CD68 compared to the laser group. 



74 
 

 

Figure 5.2.5. Representative fluorescence images at middle of left hind limb paw in two 

groups: (a) control and (b) laser 

 

5.2.4 Discussion 

Arthritis is an autoimmune inflammatory disease that affects a person’s daily life owing 

to the destruction of the joints (Alves et al. 2013, 529-36, Goats et al. 1996, 311-320, 

Meireles et al. 2010, 501-9). Several clinical papers have reported that LLLT has a 

positive effect on arthritis patients in terms of relieving pain and improving joint 

movement (Basford 1995, 331-42, Brosseau et al. 2005, CD002049). However, LLLT 

has the potential problem of laser energy loss due to light scattering in the tissue. This 

decreases the therapeutic efficacy owing to the reduced intensity, which makes bio-

stimulation of the target tissue difficult to achieve. When the appropriate laser energy 

density is reached, LLLT is effective at treating tissue disorders by activating a series of 

reactions that lead to increased cellular metabolism through the transformation of the 

absorbed light energy into cellular energy (Basford 1995, 331-42). 

According to the Arndt–Schulz law, the response to bio-stimulation can either be 

acceleration or inhibition of physiological activity depending on the energy dosage of the 

stimulation (Sommer et al. 2001, 29-33). In order to increase the therapeutic efficacy of 
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LLLT at the target tissue, high-intensity NIR light is generally used when deep 

penetration with sufficient intensity is required. In this study, we aimed to address the 

problem of light energy loss and increase the overall therapeutic efficacy for arthritis 

treatment by using MILNS, which employs a fine hollow needle to stimulate deep target 

tissues without the associated light energy loss. 

We used C57BL/6 mice as a CFA-induced arthritis mouse model with a site-induced 

inflammatory response and acute progression of the condition. Owing to the acute 

progression, LSCIs of the laser and control groups were first obtained 3 h after injection 

of the adjuvant and every 6 h afterward for a total time period of 108 h. The LSCI is 

mainly used to measure blood flow perfusion in biological tissue (Yuan et al. 2005, 

1823-30). During the progression of arthritis with synovial membrane inflammation, 

modulation of inflammatory cells from vascular endothelium increases the vascular 

permeability, which results in vasodilatation with edema (Alves et al. 2013, 529-36). 

Such transitions that are captured in LSCI can be quantified by LSI in order to determine 

the severity of the inflammatory response. A higher LSI reflects a more severe 

progression of arthritis. The results of this study showed that CFA-induced arthritis 

progressed severely with higher LSI as a function of time in the control group (Table 

5.2.2). However, the progression of arthritis in the laser group was suppressed, as 

indicated by the lower LSI (Table 5.2.3). MILNS may influence the function of cells in 

the immune system such as T, B, and NK lymphocytes in the arthritis-induced area. 

Alves et al. reported that LLLT has a positive effect on rheumatoid arthritis (RA) owing 

to the decreased vascular permeability associated with the infiltration of leukocytes and 

influence on the maintenance of the synovial fluid lubricant composition (Alves et al. 

2013, 529-36). MILNS was confirmed to modulate the inflammation based on the 
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variation in the paw area. The laser group showed a markedly smaller variation in paw 

area compared to the control group (Figure 5.2.3). 

When inflammation is induced in biological tissue, macrophages—because of their role 

as phagocytic cells—become activated and interact with lymphocytes to facilitate 

antibody production. With the activation of the macrophages, the synovial tissue releases 

cytokines and chemokines to promote chronic inflammation, such as in the case of 

arthritic synovial tissue (Ma and Pope 2005, 569-80). The population of activated 

macrophages induced by the adjuvant was examined by using anti-CD68 as a 

macrophage marker. As noted in Figure 5.2.5, when a red fluorescence signal was used 

for macrophage detection, marked differences between the two groups were noted in the 

macrophage population. Compared to the control group, a lower fluorescence signal was 

detected in the laser group, which indicates that minimally invasive laser stimulation is 

effective at suppressing the inflammatory reaction from arthritis progression. 

Most of the previous studies on LLLT used NIR or infrared light to penetrate to deep 

targets in tissue such as bone (Pires-Oliveira et al. 2010, 2109-14). However, we used 

MILNS to avoid the light energy loss problem of LLLT and addressed the limitations of 

wavelength use for the penetration depth. Our results suggest that MILNS suppresses the 

acute inflammation response to local treatment of arthritis and increases the treatment 

efficacy by modulating the inflammatory response and activity of inflammatory cells. 
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5.3 Effects of combination treatment of MILNS and drug on arthritis 

5.3.1 Introduction 

In general, the most comfortable systemic treatment method for arthritis is non-steroidal 

anti-inflammatory drugs (NSAIDs) (Kim and Kim). However, LLLT is recognized as an 

alternative treatment modality for the partial stimulation of arthritic joints with no side 

effects. MILNS is a treatment modality that increases the therapeutic efficacy of LLLT. 

In a previous study (chapter 5.2), we confirmed the effectiveness of MILNS at 

suppressing the acute progression of arthritis. Our expectation was that applying these 

two treatment modalities to arthritis simultaneously may induce a positive therapeutic 

outcome. Concerned about the combination of physical stimulation and drug treatment, 

Diniz et al. investigated the effect of LLLT in combination with bisphosphonate on the 

osteopenic bone of ovariectomized rats. They observed the suppression of trabecular 

bone loss compared to separate treatments (Diniz et al. 2009, 347-52). To the best of our 

knowledge, no studies have evaluated the therapeutic efficacy of LLLT in combination 

with drug treatment for arthritis. We investigated the synergistic effects of combining 

two treatment modalities using μ-CT. 

 

5.3.2 Materials and methods 

Animal preparation and experiment schedule 

Forty Balb/C mice (8 weeks old) were used as collagen antibody-induced arthritis 

(CAIA) models. The mice were kept under controlled standard conditions (room 

temperature: 23±2 °C; humidity: 50%±10%), and allowed to move freely; they were fed 

standard laboratory chow and water ad libitum. To develop arthritis, the manufacturers’ 
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directions were followed: twenty mice were given 1.5 mg of Arthrogen-CIA arthritogenic 

monoclonal antibody 5 clones cocktail (# 53040, Chondrex, Redmond, WA, USA) by 

intraperitoneal injection on day 0 and received 50 μg of LPS booster injection each on 

day 3. One day after the LPS challenge (day 4), the twenty mice were divided into four 

groups: control, laser, drug, and combination treatments. From days 4 to 10, treatment 

groups were stimulated once a day according to each treatment method. All animal 

experiments were performed with the guidelines and approval of the Institutional Animal 

Care and Use Committee of Yonsei University (YWC-130411-1). Table 5.3.1 presents 

the experiment schedule. 

 

Table 5.3.1. Experiment schedule 

 

 

Minimally invasive laser stimulation 

As shown in Figure 5.3.1, the minimally invasive laser needle system (MILNS) was used 

to stimulate the hind limb paw. The laser stimulation parameters used in previous studies 

(chapter 5.2) to confirm the effectiveness on CFA-induced arthritis mouse model were 

used. During the stimulation period, the mice were anesthetized with a mixture of 

isoflurane and oxygen. 
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Figure 5.3.1. Schematic diagram of MILNS 

 

Heparin derivative 

LMWH (nadroparin calcium), which has an average molecular weight of 4848 daltons, 

was purchased from Nanjing King-Friend Biochemical Pharmaceutical Co. (China). 

Acetic acid and ethanol were obtained from Merck (Darmstadt, Germany). Poloxamer 

407 was obtained from BASF (Ludwigshafen, Germany). All reagents and organic 

solvents were at least ACS grade. The chemical conjugate of LMWH and DOCA, 

OH09208, was kindly provided by Mediplex Co., Ltd. (Seoul, Korea). Preparation of 2-

O-desulfated OH09208 followed a previously described method (Jaseja et al. 1989, 1449-

1456, Lapierre et al. 1996, 355-66). OH09208 (1 g) was dissolved in 100 ml of 0.2 N 

NaOH and then lyophilized. The obtained crusty yellow residue was dissolved in 100 ml 

of deionized water, and the pH of the solution was adjusted to 7.0 with 20% acetic acid. 

The solution was dialyzed and lyophilized to obtain the final product. ODS09208 (10 

mg/kg) was orally administered with 20% of Poloxamer 407 once a day throughout the 

treatment duration. 
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Measurements of structural parameters by μ-CT 

To evaluate the treatment effects of each stimulation method, the ankles and paws on the 

hind limbs of the mice were scanned using in vivo μ-CT (Skyscan 1076, Bruker, 

Germany) before cocktail injection, before the first stimulus application, and after the 

last stimulus application at an 18 µm3 resolution under gas anesthesia (O2 with 2% 

isoflurane). The scanning parameters were set as follows: 59 kV, 169 μA, 1770 ms of 

exposure, 1.0 mm aluminum filter, and 0.7° rotation. The 3-D models of the ankles and 

the paws were reconstructed using SkyScan CT Analyzer version 1.11 for evaluation. 

The severity of the rheumatoid arthritis progression was evaluated according to structural 

parameters that were measured at the cuneiform, cuboid, and scaphoid bone on the ankles 

and middle metatarsal bone on the paws. The structural parameters were quantified as 

follows: BV (bone volume, mm3), Obj.N (mean number of objects per slice), MMI (mean 

polar moment of inertia, mm4), Cs.Th (cross-sectional thickness, mm), and attenuation 

coefficient (ATT). To differentiate between the bone and non-bone in grayscale μ-CT 

images, the threshold value for the bone was set to 140–255, which was constant 

throughout the μ-CT image analysis. Figure 5.3.2 show the region of interest for μ-CT 

analysis of the right paw. 
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Figure 5.3.2. Region of interest for right paw 

 

Statistical analysis 

We used the analysis of variance (ANOVA) to compare the relative variation in 

structural parameters among the groups. The results are presented as the mean ± standard 

error. Statistical analysis was carried out using SPSS 18.0 (SPSS Inc., Chicago, IL, USA). 

A p value of less than 0.05 was considered statistically significant. 

 

5.3.3 Results 

During the experiment period, nine mice died owing to excessive drug response. 

Therefore, 31 mice were left in the five groups: eight mice in the normal group, five mice 

in the control group, six mice in the drug group, six mice in the laser group, and six mice 

in the combination group. Figure 5.3.3 shows the 2-D μ-CT paw images of representative 

mice from each group over time. Until day 4, there was no significant bone transition for 



82 
 

all paw joints in the five groups. At day 10, the normal group showed normal bone 

morphology with no bone destruction. However, when arthritis was induced, significant 

bone destruction was observed at the third metatarsal and tarsal joints in the control 

group. In the three treatment groups, the bone destruction of two joints was suppressed 

compared to the control group. In particular, the combination treatment group showed 

similar bone morphology as the normal group. 
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Figure 5.3.3. 2-D bone morphologic images of representatives from five groups over 

time: (a) normal, (b) control, (c) laser treatment, (d) drug treatment, and (e) combination 

treatment. 

 

Figure 5.3.4 compares the structural parameters of the tarsal joint of the paw for the five 

groups. In the control group, the BV of the tarsal joint was significantly reduced 

compared to the normal group. However, the treatment groups showed higher relative 

variations compared to the control group. Among the treatment groups, the combination 

treatment group showed the highest relative variation compared to the normal group. In 

the case of Obj.N, MMI, Cs.Th, and ATT, the five groups showed similar patterns; the 

combination group was most similar with regard to the relative variation to the normal 

group. Data are expressed as mean ± standard error of measurement (SEM). 

 

 

(a)                                 (b) 
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(c)                            (d) 

 

(e) 

Figure 5.3.4. Relative variations of structural parameters in tarsal joint on day 10 from 

start of treatment on paw. *Value vs. control: p < 0.05 

 

Figure 5.3.5 compares the structural parameters of the third metatarsal joint of the paw 

for the five groups. The relative variations in the structural parameters for the five groups 

showed analogous patterns with the tarsal joint. Data are expressed as mean ± standard 

error of measurement (SEM). 
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(a)                                 (b) 

 

(c)                                 (d) 

 

(e) 

Figure 5.3.5. Relative variations of structural parameters in third metatarsal joint on day 

10 from start of treatment on paw. *Value vs. control: p < 0.05 
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5.3.4 Discussion 

Arthritis is a chronic, persistent, and systemic immune-mediated inflammatory disease 

that affects the quality of life (Alves et al. 2013, 529-36, Goats et al. 1996, 311-320, Ma, 

and Pope 2005, 569-80). Systemic therapy (drug treatment) and local therapy (laser 

treatment) are used as treatment modalities that significantly improve the movement of 

arthritic joints (Kim and Kim). In this study, we investigated the synergistic effects of 

combining drug and laser treatments on an arthritis animal model. Our results showed 

that the combination treatment markedly suppressed the progression of arthritis and 

prevented bone destruction. 

At day 10, with regard to structural parameters, a reduced bone volume means that bone 

was destroyed owing to the progression of arthritis. The control group showed the 

highest relative variations in BV of 31% and 25% for the tarsal and third metatarsal, 

respectively. Conversely, the combination treatment showed the lowest relative variation 

compared to the other treatment groups. According to previous studies, laser stimulation 

enhances BV owing to the increased osteoblastic activity, and drug treatment affects 

disease progression by inhibiting inflammatory responses; therefore, the lowest variation 

in BV for the combination treatment may be the result of a positive synergistic effect 

(Diniz et al. 2009, 347-52). Obj.N and MMI are structural parameters that are concerned 

with bone strength. Obj.N evaluates the structural connectivity of bone, where a lower 

value denotes a strongly connected assemblage, and MMI is a bone property that denotes 

the resistance to a change in the angular velocity about an axis of rotation. In the control 

group, the higher and lower relative variations for Obj.N and MMI, respectively, means 

that the bone structure showed decreasing bone connectivity and hardness. Conversely, 

the lower and higher relative variations in Obj.N and MMI, respectively, of the treatment 
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groups means that each treatment prevented the shrinkage/destruction of the tarsal/third 

metatarsal bone. Cs.Th denotes the thickness of the cortical bone in the tarsal/third 

metatarsal bone. Similar to the other parameters, the highest and lowest reduction rates 

were observed for the control and combination treatment groups, respectively. This 

means that the combination treatment may affect the bone remodeling process when 

osteoblasts and osteoclasts are activated for bone formation and resorption, respectively; 

therefore, the deterioration of bone may be suppressed. In this study, a decrease in Cs.Th 

meant lower bone strength because the tarsal bone mostly consists of cortical bone. ATT 

means the x-ray attenuation coefficient, which was used to evaluate the mineral density 

of bone. With regard to the other structural parameters, the highest relative variation of 

the combination group means that the bone strength was maintained by preventing 

deterioration of the bone micro-architecture and quality. 

Overall, the combination treatment was evaluated as having a positive synergistic effect 

on the CAIA arthritis mouse model. Based on analysis of the structural parameters, the 

combination method prevented the deterioration of the bone structure and maintained a 

denser and more connective bone compared to the control and other treatment groups. 

We estimated that the synergistic effect of the combination treatment is induced by the 

bio-stimulation effect of LLLT, which causes osteogenic cells to proliferate, and the 

effect of drug treatment, which impedes the progression of the disease by modifying 

biological responses such as infiltration of the synovial compartment by arthritis (Hwang 

et al. 2012, 374-84). The combination treatment not only prevented bone destruction but 

also facilitated bone generation to approach the normal condition. 
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Chapter 6 

Pilot studies of muscle atrophy suppression with MILNS 

 

6.1 Introduction 

Since low-level lasers were reported to positively affect hair re-growth, many studies 

have used their bio-stimulation effect to treat or alleviate biological disorders (Huang et 

al. 2009, 358-83). When light is irradiated on the skin, it is absorbed in mitochondria by 

photo-acceptor. The absorbed light is then transformed to biochemical energy to improve 

metabolism and organ functions. Consequently, low-level laser can be used to treat 

diseases as follows: pain relief, tissue repair, and alleviating neurological problems 

(Huang et al. 2009, 358-83, Prindeze, Moffatt, and Shupp 2012, 1241-8). 

LLLT basically follows the Arndt–Schulz law, which states that weak stimuli increase 

physiological activity, moderate stimuli inhibit activity, and very strong stimuli abolish 

activity (Huang et al. 2009, 358-83). However, to stimulate deep targets in tissue, lasers 

with high irradiance density have to be used owing to the light-scattering property of 

tissue. To solve the light-scattering problem during tissue penetration, MILNS was 

developed; its effectiveness at preventing bone loss in osteoporotic mice was confirmed 

(Kang et al. 2012, 965-9, Ko et al. 2013, Ko et al. 2013, 1015-9). In this study, we 

applied MILNS to mice subjected to sciatic neurectomy (denervation) and evaluated the 

bio-stimulation effect as a prevention modality for muscle atrophy. 

Several studies have reported that LLLT is effective at treating muscle disorders with 

regard to regrowth (Assis et al. 2013, 947-55, Dawood, Al-Salihi, and Qasim 2013, 1-8, 

Leal Junior et al. 2010, 1083-8, Nakano et al. 2009, 1005-15, Pertille, Macedo, and 



92 
 

Oliveira 2012, 495-501). Nakano et al. reported that low-level irradiation from an 850 nm 

laser was effective at helping recovery from muscle atrophy that was induced by hind 

limb unloading (Nakano et al. 2009, 1005-15). They observed the regrowth of muscle 

fibers, proliferation of muscle satellite cells, and angiogenesis associated with a basic 

fibroblast growth factor. Pertille et al. reported that an 830 nm low-level laser influenced 

the regeneration from muscle injury (Pertille, Macedo, and Oliveira 2012, 495-501). In 

their study, the inflammation area was reduced and myogenin content was increased by 

LLLT for muscle contusions of old rats. 

The most important therapeutic parameter of LLLT is the laser dosage, which can 

enhance or reduce the bio-stimulation effects. Based on the Arndt–Schulz law, Aimbire 

et al. reported the dose-dependent effects of bio-stimulation through changes in 

biological markers such as prostaglandin E2 and TNFα level that are concerned with 

inflammation (Aimbire et al. 2006, 33-7). 

As a pilot study, we evaluated the bio-stimulation effect of MILNS on preventing muscle 

atrophy in a skeletal unloading mouse model. The efficacies of four different irradiance 

densities were compared to determine the optimal irradiance density. 

 

6.2 Materials and methods 

Animal preparation and experiment design 

Twenty-five C57BL/6 mice (6 weeks old) were employed as muscle atrophy animal 

models by denervation. The mice were kept under controlled standard conditions (room 

temperature: 23±2 °C; humidity: 50%±10%) and allowed to move freely; they were fed 

standard laboratory chow and water ad libitum. Fifteen C57BL/6 mice were divided into 

five groups to compare the treatment efficacies according to the stimulation energy: one 
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control and four test groups. The optimized stimulation energy was determined, and the 

MILNS treatment efficacy was evaluated using additional ten mice divided into control 

and test groups. To induce muscle atrophy, all mice were subjected to sciatic neurectomy 

on the right hind limb and maintained in natural conditions for 1 week to allow the 

muscle swelling due to surgery to subside. One week after the surgery, MILNS was 

applied to the test groups once a day for 2 weeks. All animal experiments were 

performed in accordance with the guidelines and approval of the Institutional Animal 

Care and Use Committee of Yonsei University (YWC-130204-1). Table 6.2.1 presents 

the experiment schedule. 

 

Table 6.2.1. Experiment schedule 

 

 

Minimally invasive laser stimulation 

The muscle was stimulated using MILNS. Theoretically, denervation should cause 

muscle atrophy in the mice owing to the absence of leg movement. To determine the 

optimized stimulation energy, the treatment efficacies of four energy densities (1, 3, 5, 

and 10 J) were compared by applying 20 mW for 50, 150, 250, and 500 s. A 660 nm 

diode laser (#ML101J27, ThorLabs, Newton, NJ) was used as a light source. As shown 

in Figure 6.2.1, the muscle volume was evaluated using μ-CT on the shin of the right leg, 

which was selected as the region of interest (ROI). 
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Figure 6.2.1. Region of interest on shin of right leg 

 

μ-CT 

To evaluate the bio-stimulation effects on muscle atrophy, the shin of the right leg of 

each mouse was scanned using in vivo μ-CT (Skyscan 1076, Bruker, Germany) after 0, 1, 

and 3 weeks at an 18 µm3 resolution under gas anesthesia (O2 with 2% isoflurane). The 

scanning parameters were set as follows: 85 kV, 118 μA, 2056 ms exposure, 1.0 mm 

aluminum filter, and 0.7° rotation. The three-dimensional models of the muscle tissue 

were reconstructed using SkyScan CT Analyzer version 1.11 for evaluation. The severity 

of muscle atrophy progression and suppression were evaluated by the muscle volume 

(MV, mm3), which was measured at the shin. To differentiate between the muscle tissue 

and other tissue in the grayscale μ-CT images, the threshold value for the muscle was set 

to 90–140, which was kept constant throughout the μ-CT image analysis. 
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6.3 Results 

Comparison of dose-dependent efficacy experiment 

Figure 6.3.1 compares the bio-stimulation efficacies of MILNS on muscle atrophy with 

four different low-level laser irradiances. The energy density of 10 J showed the highest 

relative muscle volume variation. 
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Figure 6.3.1. Comparison of relative variations in muscle volume according to different 

dosages of MILNS 

 

Confirmation of therapeutic efficacy experiment 

Figure 6.3.2 shows the relative variation in muscle volume due to a sciatic neurectomy 

after 1 week. The decrease in muscle volume was confirmed for both the control and 

laser groups. 
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Figure 6.3.2. Relative variation in muscle volume between weeks 0 and 1 

Figure 6.3.3 shows the relative variation in muscle volume due to the bio-stimulation 

effect of MILNS. The laser group showed a lower variation in muscle volume compared 

to the control group. 

 

Figure 6.3.3. Relative variation in muscle volume between weeks 1 and 3 

Figure 6.3.4 shows the relative variation in muscle volume over 3 weeks. The laser group 

showed a lower variation compared to the control group. 
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Figure 6.3.4. Relative variation in muscle volume between weeks 0 and 3 

 

Figure 6.3.5 shows μ-CT 2-D images of the muscle volume over time. The laser group 

showed a lower variation in muscle volume contraction. 

 

Figure 6.3.5. Representative μ-CT 2-D images of muscle volume over time 
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6.4 Discussion 

Muscle atrophy is commonly induced by various diseases and increases morbidity. 

Muscle atrophy generally has two causes. The first is disuse, which occurs from a lack of 

physical activity. This can arise in people with seated jobs or medical conditions that 

limit their movement. People who have limited movement such as the bedridden 

experience have a significant muscle wasting. The other type of muscle atrophy is 

neurogenic, which occurs from injury or disease of nerves that are connected to muscles. 

Both types of muscle atrophy need exercise or nutrition for muscle generation. The bio-

stimulation effect can be used as a substitute for exercise to induce muscle regrowth. 

Many studies have reported that LLLT is effective at muscle regeneration (Assis et al. 

2013, 947-55, Nakano et al. 2009, 1005-15, Pertille, Macedo, and Oliveira 2012, 495-

501). However, LLLT has an inherent light-scattering problem in biological tissue 

(Nakano et al. 2009, 1005-15, Ninomiya et al. 2007, 140-8). Therefore, the treatment 

efficacy of LLLT is affected by the applied dosage. 

In this study, we applied MILNS to prevent muscle atrophy from denervation. To 

optimize the laser dosage, we compared treatment efficacies of different laser dosages. 

Similar to the Arndt–Schulz law, from 1 J to 10 J, the suppression rate of muscle 

contraction gradually increased compared to the control group when the dosage was 

increased from 1 J to 10 J. This means that 10 J, which showed the highest suppression 

rate of muscle contraction, is in the effective dosage range for bio-stimulation. According 

to the Arndt–Schulz law, excessive/deficient dosage of bio-stimulation may not activate 

satellite cells or suppress muscle contraction (Huang et al. 2009, 358-83). 

To confirm the therapeutic efficacy of MILNS, ten mice were tested additionally. 

Although the laser group showed greater muscle contraction after 1 week of denervation 
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compared to the control group, the laser group showed lesser muscle contraction after 2 

weeks of MILNS stimulation. This means that MILNS stimulation influenced the muscle 

regrowth. According to previous studies, LLLT affects muscle atrophy by influencing the 

regrowth of myofibers. When satellite cells/myoblasts are activated by LLLT, growth 

factors are induced, and angiogenesis is promoted (Nakano et al. 2009, 1005-15). 

Although pharmacological therapies are widely used to treat musculoskeletal diseases, 

they may induce undesirable side effects because they do not target a specific site. 

However, non-pharmacological therapies such as physical stimulation (e.g., whole body 

vibration, ultrasound stimulation, and laser irradiation) have been suggested to have no 

side effects (Lim et al. 2011, 116-25, Renno et al. 2006, 642-5, 2006, 202-6, Rubin et al. 

2001, 848-858, Woo et al. 2010, 2438-46). Physical stimulation can be used for partial 

stimulation of specific sites. In future studies, we expect that applying MILNS with other 

physical stimulation will have a synergistic effect on muscle atrophy. 

We confirmed that MILNS is a potential treatment modality of muscle atrophy. However, 

the wavelength and dosage may be adjusted to produce different therapeutic outcomes. 

The optimal therapeutic parameters still need to be determined. 
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Chapter 7 

Conclusion and Perspective 

 

LLLT is a very versatile technique with numerous medical applications. Theoretically, 

LLLT uses energy densities of 1–500 mW to heal biological disorders. The non-thermal 

mechanism of LLLT is based on photophysical and photochemical interactions between 

light and tissue, which produces bio-stimulation effects. Recent studies have assumed 

that LLLT has two bio-stimulation effects: a photochemical effect based on mitochondria 

and a photophysical effect based on the cellular membrane. Although many studies have 

reported positive results for LLLT owing to its lack of side effects, its therapeutic 

parameters for different diseases have not been established. In addition, some researchers 

have reported controversial results with regard to the therapeutic efficacy of LLLT. The 

considerable loss of light energy may be the reason; much of the light energy is 

attenuated before reaching the target cells owing to the optical characteristics of the 

penetrated biologic tissue, such as scattering, reflection, and absorption. Most studies 

have utilized indirect laser stimulation, which poses the problem of laser scattering in 

biological tissue. The indirect method limits the laser photon density and therefore may 

decrease the therapeutic efficacy. In this study, we evaluated the efficacy of various 

stimulation methods that increase the energy density reaching the target site in tissue. 

To increase the therapeutic efficacy of LLLT, we combined two optical clearing methods, 

glycerol and tissue compression, and evaluated the transmitted laser energy. As a result, 

the maximum and total intensities at FWHM of the transmitted laser energy were 

improved. However, when deep targets in tissue are stimulated, LLLT is potentially 
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limited on account of the light scattering of biological tissue. To address the limitation of 

LLLT, MILNS was developed. MILNS uses a fine hollow needle that guides the optical 

fiber to deep targets in the tissue. Therefore, MILNS can deliver sufficient light energy 

directly to a deep target site with minimal attenuation. 

We applied MILNS to three representative orthopedic diseases with conflicting clinical 

outcomes from LLLT: osteoporosis, arthritis, and muscle atrophy. MILNS showed 

positive treatment outcomes based on biological responses such as cellular proliferation, 

collagen synthesis, and the release of growth factors. 

First, MILNS application to osteoporosis diminished the continuous progress of bone 

loss and weakness by enhancing bone quality and bone homeostasis. Therefore, MILNS 

may reduce the risk of fracture due to bone loss. Interestingly, the effects of MILNS 

differed between locations on the same bone, and it was most effective at the location 

being directly treated. Therefore, although MILNS may be effective at preventing and/or 

treating osteoporosis, the effects on a site in the bone may depend on the location and 

direction of the site from the site of application. 

Second, MILNS was used to treat arthritis. MILNS influenced the immune system and 

modified the inflammatory response, which suppressed the arthritis progression. MILNS 

also showed a positive synergistic effect in combination with drug treatment. It may be 

the synergistic effect of drug treatment, which may inhibit inflammatory responses such 

as the neovascular response, and LLLT, which may activate the osteogenic cells. 

Third, the therapeutic efficacy of MILNS on muscle atrophy was evaluated. Muscle 

contraction was suppressed by the bio-stimulation effect of MILNS. Satellite 

cells/myoblasts may be activated by the delivered light energy. 
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In biological tissue, each cell has a specific response depending on the stimulation 

condition. LLLT for bone stimulation has various parameters such as the wavelength, 

output mode, energy density, pulse duration, and number of sessions. The therapeutic 

efficacy of LLLT can be varied based on the combination of such laser parameters. 

Although the laser irradiation parameters used in this study presented positive results, 

their optimal combination has to be investigated to further enhance the therapeutic 

efficacy. The mechanism of MILNS also has to be investigated. 

In clinics, most LLLT uses NIR or IR light for deep penetration of biological tissue. 

However, MILNS enables the use of visible light, which has a more significant effect on 

cell growth. The bio-stimulation effect of visible light using MILNS has to be 

investigated further. 

We evaluated the therapeutic efficacy in local regions with disorders. In future studies, a 

multi-channel system should be used to investigate the systemic effect of MILNS with 

optimized therapeutic parameters and multiple applications. The body is based on blood 

circulation; therefore, the effect of MILNS can be circulated with the lymphatic system 

and blood vessels throughout the entire body by communicating and signaling cellular 

energy. 

Finally, we developed MILNS to increase the therapeutic efficacy of LLLT as we 

thought it might suggest a solution to the light-scattering problem of LLLT. MILNS can 

be used for deep sites in tissue to enhance the bio-stimulation effect by removing the 

light energy loss problem due to light scattering. In clinics, although the needle has a 300 

μm outer diameter, it can cause slight pain when inserted. However, the guaranteed 

improvement in the therapeutic effect of LLLT, which was confirmed experimentally, 

may help the patient better endure the pain. Furthermore, humans have harder and larger 
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tissues than animal tissues. The length and ruggedness of the needle has to be considered 

with regard to biocompatibility. By further improving and supplementing MILNS, we 

expect that it will become a potential treatment modality for musculoskeletal diseases 

that improves the therapeutic efficacy of LLLT. 
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Abstract in Korean 

국문요약 

근골력계 질병에 대한 최소침습적 레이저 치료 

시스템의 효능 평가 

 

연세대학교 의공학부 

강희성 

 

저출력 레이저 치료의 치료기전이 정확하게 밝혀지지 않았음에도 불구하고, 

많은 임상에서 근골격계 질병에 대한 저출력 레이저 치료가 활용되고 있으며, 

그 치료효과에 대한 임상연구 결과가 보고되고 있다. 하지만 저출력 레이저는 

빛의 산란과 흡수 특성으로 인하여, 생체 내 깊은 곳에 위치한 환부까지 

도달하는 과정에서, 많은 에너지 손실이 발생하기에, 그 치료효과를 높이기 

위한 생체 조직에 대한 광 투과도 증가에 대한 연구가 진행되고 있다. 

본 논문에서는, 저출력 레이저의 치료효과를 높일 수 있는 방법에 대해 

연구하고, 그 효과를 평가하였다. 광 투과도 증가 방법 중, 광 산란감소 

물질과 압력에 대한 각각의 적용 효과와 복합 적용 효과를 비교 및 평가 

하였다. 그 결과, 복합 적용의 투과 에너지가 각각의 적용 했을 때와 

비교하여, 증가 되었다. 하지만, 저출력 레이저 치료에 있어서, 잠재적으로, 
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생체 조직의 투과 과정에서의 광 에너지 감소의 문제는 존재하므로, 본 

논문에서는 최소 침습적으로 광 에너지 감소 문제를 해결할 수 있는 최소 

침습적 레이저 침 시스템을 개발하고, 골다공증, 관절염, 근위축에 적용하여, 

그 치료효과를 평가하였다. 최소 침습적 레이저 침 시스템은 내부가 비어있는 

바늘을 이용하여 광 에너지를 에너지 감소 없이 생체 내부로 전달이 

가능하게 개발되었다. 최소 침습적 레이저 침 시스템의 치료효과는 동물용 

μ-CT 와 조직검사를 통해, 평가하였다. 그 결과, 골다공증에 의한 골 감소, 

관절염에 의한 염증반응, 궁둥신경절제술에 의한 근 위축이 억제되었다. 다시 

말하면, 많은 선행연구에서 치료효과에 대해 논란이 있는 세가지 근골격계 

질환에 대해 긍정적 치료효과가 관찰되었으므로, 저출력 레이저 치료 효과가 

최소 침습적인 방법으로 인하여 향상 되었음을 알 수 있다. 

생체 내의 많은 세포들은 빛의 여러 가지 파장과 에너지 크기에 따라 서로 

다른 생물학적 반응을 나타내기에, 본 논문에서 최소 침습적 레이저 침 

시스템이 긍정적인 치료효과를 보였지만, 그 최적의 치료 변수에 대한 연구가 

추후적으로 진행되어야 한다. 또한, 치료 변수의 최적화에 대한 연구 진행과 

더불어, 최소 침습적 레이저 침 시스템이 근골격계 질환의 치료 기기로 

활용되기를 기대한다. 

 
 


