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ABSTRACT 

The global aim of this thesis was to explore the effect of photobiomodulation (PBM) on the human 

brain, with the findings leading hopefully to further establish this treatment as a viable therapeutic 

option for patients, particularly those with neurodegenerative disease. The results are presented as 

peer reviewed publications, each with their own chapters (2-5). Chapter 1 contains the literature 

review, while chapter 6 contains a general discussion.  

This thesis included functional magnetic resonance imaging (fMRI) research on the effect of PBM on 

healthy young brains (chapter 2 and 3), along with clinical case studies of patients with 

neurodegenerative disease (chapter 4) and a thorough systematic review of the effect of PBM on 

neurodegeneration-induced neuroinflammation (chapter 5). Together, all these components of the 

thesis offer a robust and diverse exploration of the effect of PBM on healthy and diseased brains.   

In chapter 2, with the use of fMRI, the effect of PBM on human brain activity in young healthy 

individuals indicated a reduction in default mode network connectivity during the execution of a task 

(ie, finger tapping). It was suggested that PBM helped focus attention on the sensorimotor task being 

undertaken by the individuals. In chapter 3, again with the use of fMRI, the effect of PBM indicated no 

change in resting state brain connectivity in the brains of healthy individuals. From the results in 

chapter 2 and 3, it was concluded that in a healthy brain state, PBM had a measurable effect such as 

altering brain connectivity when the brain is in an evoked task state, for example when undergoing a 

sensorimotor task, but not during passive rest. In Chapter 4, the effect of PBM on the clinical motor 

signs and non-motor symptoms of elderly patients with neurodegenerative disease (ie Parkinson’s 

disease) was observed and recorded. Almost all the signs and symptoms of the patients showed 

improvement and none got worse. For example, improvement in motor signs included reduced 

tremors, improvement in gait and handwriting, whilst non-motor symptoms included improvement in 

sleep, self-esteem, and reduction of depression. In many of the cases, the improvements were long-

term, with some extending over 24 months. It was suggested that these results indicated a slowing 

down of the disease process (ie neuroprotection), but a proper, large scale, placebo controlled clinical 

trial is needed for validation. In chapter 5, the effect of PBM on animal models of Parkinson’s and 

Alzheimer’s disease was shown to result in significant improvement in behavioural measures of 

neurodegeneration accompanied with significant decreases in neuroinflammatory markers, including 

glial markers such as glial fibrillary acidic protein (GFAP), inflammatory cytokines such as interleukin 6 

(IL-6) and tumour necrosis factor-α (TNF-α), and oxidative stress such as reactive oxygen species (ROS). 

This systematic review demonstrated a beneficial relationship between neurodegeneration, 
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neuroinflammation, oxidative stress and PBM. These beneficial effects were accomplished with a large 

variation in PBM treatment protocols and dosimetry. 

Taking the thesis as whole, there were three key findings that tied the diverse chapters together. First, 

PBM as a treatment method could be viewed to have preventative qualities (chapter 2, 3, 4 and 5). 

For example, PBM improved the function of healthy brains and a healthier brain is less likely to suffer 

dysfunction and disease later in life (chapter 2, 3); with long-term use, many signs and symptoms of 

patients did not worsen with the use of PBM (chapter 4) and finally, many animal studies on 

neurodegenerative disease have shown that with pre-treatment, PBM can offer neuroprotection 

against the toxic insult and/or genetic mutation (chapter 5). Second, PBM seemed to have more of an 

effect on older diseased brains, such as neurodegenerative disease, compared to younger brains 

because there are more cellular and molecular targets for PBM to act upon (chapter 2, 3, 4, 5). From 

the findings in chapters 2 and 3, it appears that PBM also does work on healthy brains, but an effect 

is measurable when the brain is taken out of its resting baseline and into an evoked state, such as the 

fingertapping task in chapter 2. Third, PBM can offer long term benefits for neurodegenerative disease 

with many different dosage variations (chapter 4 and 5).  

The results of the thesis have provided a foundation for the concept that PBM can be viewed as an 

effective therapeutic and preventative treatment for neurodegenerative disease. Further, the results 

indicated that PBM has the capacity to offer long term benefits for neurodegenerative diseases. This 

thesis offers a framework for future studies to further support the key findings of PBM as a viable 

therapeutic treatment, particularly for neurogenerative disease in the clinical setting. 
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CHAPTER 1: LITERATURE REVIEW 
 

 

The main aim of this thesis was to investigate the effect of photobiomodulation on the brain, in 

physiological and pathological conditions. This work was intended to lay down further the 

foundation for photobiomodulation as a valid non-invasive treatment approach to 

neurodegenerative diseases in the clinical setting. The major themes explored in the literature 

review that follows include: 

 

 

(1) Photobiomodulation: what it is, the mechanisms behind it, and its effect in foundational animal 

models. 

(2) How photobiomodulation affects the human brain: what is currently known about the impact of 

photobiomodulation on the human brain through imaging and other existing methods .  

(3) Photobiomodulation and Parkinson’s disease: what is currently known about Parkinson’s disease 

as seen in neuroimaging, such as magnetic resonance imaging (MRI) and electroencephalogram 

(EEG) techniques, and the effect of photobiomodulation on the brains of Parkinson’s-disease 

patients and in animal models. 

(4) The effect of photobiomodulation on neuroinflammation: our current understanding on the 

relationship between neuroinflammation, neurodegeneration and oxidation; the effect of 

photobiomodulation on neuroinflammation among different cell types of the brain; and the effect 

of photobiomodulation on animal models of neuroinflammation. 

(5) Aims, rationale and outline of thesis: this section details the aims, rationale and outline of the 

experimental chapters that includes the publications of the thesis  

It should be noted that this literature review chapter does not include the publications that have 

arisen from the experimental work associated with this thesis. These publications, that populate 

the main body of chapters of this thesis (chapters 2-5), cover the impact of photobiomodulation on 

healthy brains, on the clinical signs and symptoms of Parkinson’s disease patients, together with a 

systematic review investigating the effect of photobiomodulation on neurodegeneration-induced 

neuroinflammation.  
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1.1 Photobiomodulation: what is it? 

Photobiomodulation (PBM), also known as low level light therapy, is the use of light shone through low 

energy lasers or light-emitting diode (LED) arrays, within the spectrum of approximately 600-1300 

nanometres (nm) as a form of therapy (Eells et. al., 2004, Gonzalez-Lima and Barret, 2014; Hamblin, 

2016). This range can be split into a portion of visible red light, 600-700nm, as well as a portion of near 

invisible, near infrared light, 700-1300nm. Additionally, some green and blue wavelengths, between 

450nm-570nm, have also been used to modulate different physiological functions, however, won’t be 

discussed in depth, as they are not classified as PBM in the context of this thesis.  

The benefits of PBM, were first discovered serendipitously in 1967 by Endre Mester at the Semmelweis 

Medical University of Hungary. Mester was attempting to repeat an experiment conducted by McGuff 

in Boston, USA, that utilised ruby lasers to cure malignant tumours (McGuff et. al., 1965). However, he 

later discovered that the laser built for him had a much lower power density, only a small fraction of 

the ruby laser. Hence, he did not treat the tumours with this laser. What he did observe was faster 

wound healing, repair and hair growth in the rats at the wound sites where he surgically implanted the 

tumours (Mester et. al., 1968; Hamblin, 2016).  

 

Since Mester’s time, our knowledge of this method has developed considerably. There is an optimal 

window of wavelengths, between (but not limited to) 600nm to 1300nm where effective tissue 

penetration is at its highest (Huang et. al., 2011; Hamblin, 2016). Some wavelength ranges seem to have 

greater effects than others, for example, light wavelengths between 700-770nm tend to have little 

beneficial effects, due to minimal biochemical activity, and hence are not used often (Chung et. al., 

2012; Hamblin, 2016; Hamblin and Hennessy, 2017). Other wavelengths, for example 600-690nm and 

760-950nm have a much greater beneficial impact (Hamblin, 2016; Hamblin and Hennessy, 2017). 

Wavelengths between 600-690nm are generally used to treat more superficial body tissues, while 

wavelengths between 760-950nm are used to treat deeper body tissues, due to their ability to 

penetrate deeper into the tissue (Chung et. al., 2012; Hamblin, 2016), some examples seen in figure 

1.1.1a. It is important to note that infrared light can be split into near, middle and far ranges with 

wavelengths of 700-1400nm, 1400-3000nm and 3000-100000nm, respectively (Vatansever and 

Hamblin, 2012). Throughout the literature, wavelengths beyond the light range of 600-1300nm have 

been found to have effects as well as, longer wavelength near infrared (Hoffman et. al., 2007), mid 

infrared (Zand et. al., 2009), far infrared (Vatansever and Hamblin, 2012; Huang et. al., 2009). 
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Fig. 1.1.1a. A diagram of the PBM range between 600-1300nm. The general use of the wavelengths for 
superficial body tissues is mostly utilised in the shorter wavelength ranges (600-690nm) in humans, while the 
wider wavelengths (780nm-1300nm) are used for deeper body tissues. Wavelength 700 to 770nm seem to have 
little effect. *Note the organs in the diagram act as examples for tissue that can be penetrated within the 
780nm-1300nm range but aren’t to scale or directly correspond to an individual wavelength.  

 

Many authors have reported that the beneficial effect of light can also depend on the dose (power 

density, energy density), the mode of operation (pulsed waves or continuous waves) and treatment 

duration (Hamblin, 2016; Hamblin and Hennessy, 2017). Power density, also known as irradiance, 

depends on the wattage of the actual light source and beam size. Irradiance values generally ranging 

from 5 to 50mW/cm2 are often used for healing and stimulation, whilst higher values, up to W/cm2 

(1000mW/cm2 and greater), have been used for nerve inhibition and pain relief (Huang et. al., 2011). In 

the first instance, the depth of penetration depends on wavelength, as discussed in the previous section. 

In addition, the amount of power also has an effect on the depth of tissue penetrated by the light. For 

example, it has been found that at 10-15W, 0.45%-2.9% of 810nm light can penetrate 30mm of tissue, 

and at 980nm, 1.22% of the light penetrated the 30mm of tissue (Henderson and Morries, 2015). Energy 

density, also known as fluence, generally is effective between 1 to 20 J/cm2 (Hamblin, 2016; Hamblin 

and Hennessy, 2017). Treatment duration (Hamblin, 2016; Hamblin and Hennessy, 2017; Zein et. al., 

2018) also has an important impact, for example in a study by Blivet and colleagues (2018), part of their 

investigation used PBM length of exposure as a dependent variable and demonstrated non-significant 

effects of PBM in the shorter treatment periods as compared to significant effects of PBM in the longer 
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treatment periods. In terms of the mode of operation, there have been several studies that showed 

benefits of PBM from pulsed waves of different frequencies (10Hz and 40Hz) (Blivet et. al., 2018; Zhou 

et. al., 2021; Hipskind et. al., 2019; Salehpour et. al., 2016; Shan et. al., 2021) as well as continuous 

waves (Ando et. al., 2011, Johnstone et. al., 2014; Lu et. al., 2017, Yang et. al., 2021,2022). The data is 

divided, some studies indicate that pulsed waves are more effective / faster-acting compared to 

continuous waves (Keshri et. al., 2016) whilst other studies suggest that continuous waves are more 

effective (Khalaj et. al., 2023).  

Hence, the parameters of irradiance, fluence, mode of operation and duration have been deemed 

important to monitor because PBM can have a so-called “biphasic dose response”. A simplified 

representation of the three parameters: irradiance, fluence and duration can be seen in Fig 1.1.1b 

whereby the parameters interact three-dimensionally on an xyz plane where their different values 

contribute to a biphasic dose response. This response has been observed in biological systems treated 

with any physical or chemical substance. That is, doses that are too low have a negligible effect, optimal 

levels present a beneficial effect and higher doses have little, sometimes detrimental effects. This 

pattern of response follows the Arndt-Schulz curve, a standard model used to explain the dose 

dependent effect of pharmaceuticals (Huang et. al., 2009, 2011; Hamblin, 2016). In the field of PBM, it 

has generally been found that the negligible, together with the rare detrimental effects, are a result of 

either too little or excessive power density, energy density or duration of exposure (Huang et. al., 2009, 

2011; Hamblin 2016; Hamblin and Hennessy, 2017). Further, for the somewhat detrimental effects, the 

high laser doses/intensities correlate with a rise in surface temperature (≥45°C) in mice, which is not 

beneficial to tissue, however this is the greatest extent of the adverse effects (Khan et. al., 2015).  
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Fig. 1.1.1b. A 

schematic diagram of 

the multidimensional 

interaction between 

fluence, irradiance 

and time on the effect 

of PBM dosage and 

the subsequent dose 

response. This 

diagram shows a 

three-dimensional 

rendition the biphasic 

dose response, similar 

to the Arndt-Schulz 

curve. 

 

1.2 Mechanisms of photobiomodulation 

Due to the ability of light to penetrate 20-30mm of living tissue at a range of wavelengths within the 

visible and infrared light spectrum, it indicates that the photons can reach the internal structures of 

cells, at least within superficial regions of the body. Generally speaking, infrared light penetrates 

through tissue at a deeper level compared to visible red light (Henderson and Morries, 2015; Hamblin, 

2016; Hennessy and Hamblin, 2017). The putative neuroprotective mechanism of light is divisible into 

two main modes: direct and indirect stimulation (Johnstone et. al., 2016; Mitrofanis, 2017).  

 

1.2.1 Direct effects 

The effects of direct stimulation occur from the light hitting the cells “flush”. This direct stimulation has 

been suggested to lead to so-called primary and secondary effects. Primary effects are the effects 

occurring during light exposure as the photons make direct contact with light receptive cells, whilst 

secondary effects are the effects that are triggered by cellular signalling pathways  after the initial light 

exposure (Karu, 2010; Rojas and Gonzalez-Lima, 2011; Gonzalez-Lima et. al., 2014; Mitrofanis, 2017), as 

seen in Fig 1.1.2a.  

The primary effects are rather short-term and rely on light being absorbed by a chromophore within a 

photoacceptor in the mitochondria. One of the most common photoacceptors within these cells is 
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cytochrome c oxidase (Eells et. al., 2004; Hamblin, 2016), the fourth unit of the mitochondrial 

respiratory chain located on the membrane of the mitochondria. Cytochrome c oxidase is responsible 

for the last reduction of oxygen to water using the electrons generated by the process of glucose 

metabolism (Hamblin, 2016; De Freitas and Hamblin, 2016). Photons cause a dissociation of nitric oxide 

and this, combined with a photoabsorbance by cytochrome c oxidase results in an increase in 

mitochondrial membrane potential, greater oxygen consumption, glucose utility and greater production 

of ATP by the mitochondria (Lane, 2006; Karu, 1999, 2010; Hamblin, 2016). Cytochrome C oxidase 

primarily has two absorption peaks for photons  wavelengths 600-700nm and 760-940nm (Karu, 1999, 

2010; Hamblin, 2016). The stimulation of this protein results in an increase of the movement of 

electrons across the transport chain as well as an increased proton gradient, which ultimately results in 

the production of ATP. This process results also in a brief increase in production of reactive oxygen 

species (ROS), as a by-product, which can behave as a signalling molecule that then triggers other 

signalling pathways, such as the activation of NFkB, a transcription factor (De Freitas et. al., 2016) that 

regulates a number of gene expressions responsible for cytoprotective, antioxidant and anti-apoptotic 

effects in the cells (Hamblin, 2016; Waypa et. al., 2016). Nitric oxide, a signalling molecule that triggers 

a number of cellular pathways, is also released by this process and is thought to be responsible for 

increasing local blood and lymphatic flow by dilating blood and lymph vessels (Morries et. al., 2015; 

Cassano et. al., 2016; Hamblin, 2016; Tian et. al., 2016). 

The secondary effects follow the primary effects and are more long term. The stimulation of cytochrome 

c oxidase results in a greater expression of transcription factors for neuroprotective genes. This 

ultimately results in cellular proliferation, collagen synthesis and the release of growth factors, such as 

transforming growth factor, platelet-derived growth factor, brain-derived neurotrophic factor (BDNF) 

and glial cell-derived neurotrophic factor (GDNF) from cells (Sommer et. al., 2001; Eells et. al., 2004; 

Hamblin, 2016). These changes result in longer lasting beneficial effects, presumably underpinning 

findings that a brief exposure to light in animal models of traumatic brain injury or Parkinson's disease 

results in beneficial effects lasting for days, weeks, even reaching up to months (Ando et. al., 2011; 

Hamblin, 2016; Darlot et. al., 2016). Hence this long-lasting effect from brief exposure can be explained 

by the secondary effect involving activation of signalling pathways and transcription factors, causing a 

lasting change in protein expression (Hamblin, 2016).  

 

A feature worthy of further comment is the previously mentioned phenomenon that cytochrome c 

oxidase has two absorption peaks for photons, one from 600-700nm and the other from 760-940nm. 

Many previous studies have reported a beneficial effect of wavelengths outside of these two absorption 



Hala El Khoury 

7 
 

peaks, for example 980nm (Skopin et. al., 2009; Ferrante et. al., 2013; Wang et. al., 2016), 1064nm 

(Barret and Gonzalez-Lima, 2013), 1072nm (Dougal and Lee, 2013), and 3-12µm within the far infrared 

light band (Vatansever and Hamblin, 2012). These findings suggest that there may be other 

chromophores, besides cytochrome c oxidase, that exist to account for this beneficial effect of light, 

such as light gated ion channels and opsins, biological chromophores known as cryptochromes that rely 

on flavins, water, and heat-gated ion channels (Hamblin, 2017; Hamblin and Liebert, 2022). In cell 

cultures of adipose tissue, there are clear increases in intracellular calcium levels accompanied by a 

decrease in mitochondrial calcium levels that accompany the increase in mitochondrial activity and ATP 

after light application at 980nm (Wang et. al., 2016). These initial benefits can be explained by the above 

theory of light-mediated calcium channels opening, such as members of the transient receptor potential 

(TRP) super-family of ion channels found on most animal cell plasma membranes (Wang et. al., 2016). 

The super-family of the TRP channels were originally discovered to also be light gated in studies that 

used Drosophila mutants that were defective in visual transduction. Of these "other" chromophores, 

water has been suggested to be a pivotal photoacceptor. For water to be able to act as a photoacceptor, 

absorption needs to occur (Santana-Blank et. al., 2016). Water as a photoacceptor is considered to be 

nanostructured and located in heat or light sensitive ion channels, also on cell plasma membranes 

(Wang et. al., 2016. The absorption coefficient of water has its first peak at 980nm and keeps increasing 

until 3100nm (Santana-Blank et. al., 2016), suggesting that water has a large chromophore role. The 

effect of the above-mentioned light channels opening at 980nm or with the use of calcium blockers was 

abolished when water structure was disrupted either with cold medium (4°C) or incubation in heat 

(42°C). Calcium channel blockers, cold medium and incubation did not disrupt the beneficial effect, 

increase in mitochondrial activity and ATP levels when 810nm light was used, which is a wavelength 

within an absorption peak of cytochrome c oxidase. Therefore, it appears that the effect of 980nm light 

is dependent on water structures, unlike 810nm, hence the reason that the beneficial effects are lost 

with water disruption. There may well be many other, as yet undiscovered, chromophores that are 

stimulated at the other wavelengths in the infrared range (Wang et. al., 2016).  



Hala El Khoury 

8 
 

  

Fig 1.1.2a. A schematic diagram of the primary and secondary effects of PBM when it is working directly on target cells. 
The primary effects occur while the PBM is being administered and include immediate responses, such as ATP 
generation in the electron transport chain in the membrane of the mitochondria. The secondary effects do not 
necessarily happen during exposure, though extend to cellular signalling pathways and transcription factors for the 
generation of growth factors, cellular repair, and proliferation. 
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1.2.2 Indirect effects  

There is evidence that all the benefits, in particular the neuroprotective ones, of light exposure do not 

entirely come from direct stimulation. There may be another mechanism at play as well. Several studies 

have reported that the application of PBM to one area of the body, such as the leg (Fig 1.1.2b.) or 

dorsum, can result in beneficial effects in another part of the body, such as the brain suggesting that 

there is an “abscopal” effect (Tuby et. al., 2011; Stone et. al., 2013; Johnstone et. al., 2014; Liebert et. 

al., 2014; Oron and Oron, 2016; Mitrofanis, 2017, 2019; Kim et. al., 2018). This phenomenon is 

considered to be the so-called indirect stimulation. It is suggested that this effect relies on a conduit, or 

"middle-man", such as the immune system, stem cells, or other circulating factors, including hormones 

or metabolites, which are activated by the light and have the capacity to cross the blood-brain barrier, 

especially as PBM has been observed to increase BBB permeability (Zhou et. al., 2021). For example, 

macrophages and stem cells can be stimulated and ultimately act on the distressed region to produce 

the beneficial effect (Tuby et. al., 2011; Stone et. al., 2013: Liebert et. al., 2014; Hamblin, 2016; 

Johnstone et. al., 2016; Oron and Oron, 2016; Hennessy and Hamblin, 2017; Mitrofanis, 2017). Pro-

inflammatory cytokines such as interferon-ϒ and tumour necrosis factor-α are downregulated whilst 

anti-inflammatory cytokines, such as interleukin (IL)-4, IL-10 are upregulated by PBM (Muili et. al., 2012; 

Hennessy and Hamblin, 2017). Additionally, distressed mitochondria have the ability to produce an 

extracellular signalling molecule, mitokine, which travels globally throughout the body to trigger a 

systemic mitochondrial stress response (Durieux et. al., 2011; Taylor et. al., 2014; Lee, 2015). Further, 

PBM may influence the recently discovered free-floating mitochondria in the circulation (Al Amir Dache 

et. al., 2020) and this influence may help the survival of cells in distress in remote parts of the body 

(Mitrofanis, 2019). 

It appears that both the direct and indirect effects can work independently, that one does not need the 

other. The direct effect has been shown to be neuroprotective in cell culture, a setting where the 

indirect effect is not functional (Ling et. al., 2008; Ying et. al., 2008; Trimmer et. al., 2009). The indirect 

effect has been shown to be beneficial in animal models, in that light is neuroprotective even if applied 

well away from the area of damage or distress, on another part of the body (see above; Stone et. al., 

2013; Johnstone et. al., 2014; Farfara et. al., 2015; Saliba et. al., 2015). When comparing the two effects, 

the direct effect has been shown to offer more neuroprotection than the indirect; in an animal model 

of Parkinson's disease, light applied to the head results in more surviving dopaminergic neurones in the 

substantia nigra compacta (SNc) than after light application only to the dorsum of the mice (Johnstone 

et. al., 2014). It is more than likely that when in an experimental or clinical setting that the two effects, 
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both direct and indirect, can operate by working together synergistically to provide the most effective 

and long-lasting beneficial outcome (Johnstone et. al., 2016; Mitrofanis, 2017, 2019).  

 

 

Fig. 1.1.2b. Schematic diagram of the indirect or “abscopal” effect PBM has. For example, the irradiation of the thigh 
with PBM can result in the activation of conduit factors, such as immune cells, stem cells and metabolites which can 
migrate to other areas of the body and have a beneficial effect in unrelated areas, such as the brain. 
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1.2.3 Effect of photobiomodulation on healthy cells 

In addition to the direct and indirect effects of light being neuroprotective, that is improving the 

function and survival of distressed or damaged cells, light has also been reported to influence “normal” 

or “healthy” cells. Such influences may not necessarily be “neuroprotective” but rather, “modulatory” 

activating neural circuits and altering brain function.  

 

These effects occur when PBM reaches and stimulates particular regions of the brain that it is being 

applied to. For example, it has been reported that PBM applied across the central regions of the skull 

reduces the firing of neurones in the motor cortex of normal healthy humans (Konstantinovic et. al., 

2013). This effect may lead to changes in the motor neural circuitry through the basal ganglia and to the 

spinal cord and could lead to improvements in movement via direct and indirect motor pathways, which 

can be demonstrated in more skilled movement and improved stamina. This feature may generate, at 

least in part, some of the improvements in motor function seen in experimental animals (Reinhart et. 

al., 2016) and human patients (Hamilton et. al., 2018; Liebert et. al., 2021). Similarly, PBM applied in the 

frontal skull region stimulates the prefrontal cortex, which may trigger improvements in social 

interaction, mood and depression (Schiffer et. al., 2009; Cassano et. al., 2016, 2018, 2022) together with 

cognitive and emotional functions (Barret and Gonzalez-Lima, 2013; Gonzalez-Lima and Barret, 2014; 

Blanco et. al., 2015; Vargas et. al., 2017). Further, light has also been shown to substantially alter the 

activity of dopaminergic neurones in the SNc of normal mice (Romeo et. al., 2017). Many of the details 

of these findings will be considered further in a subsequent section dealing with PBM in human subjects. 

 

In summary, the PBM-induced neuroprotective mechanisms on damaged or distressed neurones have 

been suggested to be either direct or indirect. Direct effects occur as a result of light hitting the target 

neurone “flush” and producing an immediate primary effect and a longer-term secondary effect after 

light exposure. Indirect effects occur when light does not make contact with the neurone in question, 

however the benefits reach the target cell through an intermediate system, for example the circulation, 

either with the immune, stem or mitochondrial signalling cell systems. In addition to these 

neuroprotective effects, light impacts on the activity of normal, healthy neurones: for example, 

stimulating motor, cognitive and emotional functions using both experimental animals and human 

subjects. The effect of light on healthy cells is of particular interest in this thesis, because many of the 

human subjects used were considered normal, healthy individuals.  
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1.3 Photobiomodulation in animal models 

There have been a number of studies that have reported neuroprotective and behavioural 

improvements after PBM treatment on animal models of strokes (Zhang et. al., 2000; Leung et. al., 

2002; Streeter et. al., 2004; Lapchak et. al., 2004, 2007; Oron et. al., 2006; Peplow, 2015; Meyer et. al., 

2016), wound healing particularly in mouse and rat models of diabetes (Byrnes et. al., 2004; Maiya et. 

al., 2005, 2009; Carvolho et. al., 2006, 2010; Whelan et. al., 2003; Moradi et. al., 2020; Oyebode et. al., 

2021), of oxidative stress in hepatocytes of diabetic mice (Lim et. al., 2009), diabetes-induced 

retinopathy (Tang et. al., 2013; Saliba et. al., 2015), leakage of retinal capillaries in diabetic models 

(Cheng et. al., 2018), traumatic brain injury (Oron et. al., 2007; Ando et. al., 2011; Wu et. al., 2012), 

pain pathways (Chow and Armatti 2016), depression (Wu et. al., 2012; Salehpour et. al., 2016), retinal 

disease (Eells et. al., 2004; Rutar et. al., 2012; Begum et. al., 2013), Alzheimer’s disease (Michalikova 

et. al., 2008; De Taboada et. al., 2011; Grillo et. al., 2013; Purushothuman et. al., 2014, 2015; 

Saltmarche et. al., 2017), Parkinson’s disease (Shaw et. al., 2010; Peoples et. al., 2012; Moro et. al., 

2013, 2014; 2016; Reinhart et. al., 2014, 2015, 2016, 2017; El Massri et. al., 2016a, 2016b, 2017, 2018; 

Darlot et. al., 2016; San Miguel et. al., 2019), amyotrophic lateral sclerosis (ALS) (Moges et. al., 2009), 

multiple sclerosis (Muili et. al., 2012), spinal injury (Paula et. al., 2014; Song et. al., 2017; Wang et. al., 

2021b, Ma et. al., 2022), even the improvement of microbiome health and diversity in mice models 

(Bicknell et. al., 2018). Moreover, PBM was observed to stimulate neurogenesis in studies using 

Alzheimer’s animal models (Wu et. al., 2021). 

This wide range of effect indicates that PBM holds a healing capacity for many types of pathologies, not 

restricted to a particular type of cell, but rather, the multi-cellular environments located in multiple 

physiological systems. However, the current thesis focuses mostly on neurological systems, both 

healthy and neurodegenerative. Therefore, the effect of PBM on particular animal models will be 

explored in more detail, including Alzheimer’s disease, Parkinson’s disease, and some healthy 

aged animal models, testing cognitive function.   

1.3.1 Alzheimer’s disease models 

Most studies have used transgenic animal models of Alzheimer’s to demonstrate the beneficial impact 

of light therapy in both short-term (weeks) and long-term (months) studies (Johnstone et. al., 2016), in 

particular with the amyloid precursor protein/presenilin 1 (APP/PS1) transgenic model (De Taboada et. 

al., 2011; Purushothuman et. al., 2014, 2015), the double transgenic TASTPM model (Grillo et. al., 2013), 

the CD1 model (Michalikova et. al., 2008), and the tau K369I transgenic model (Purushothuman et. al., 
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2014, 2015). In addition, a recent study has measured the effect of PBM which also integrated magnetic 

emissions (named RGn500) on mice injected with oligomeric amyloid β peptide 25–35 (Blivet et. al., 

2018). Using these animal models, a PBM-induced reduction of β-amyloid plaques and 

hyperphosphorylated tau as a main measure of the improvement within Alzheimer’s disease was 

reported. Other indicators of improvement were noted also, for example reductions in inflammation 

and oxidative stress, and an increase in ATP and overall improvement in mitochondrial function with 

both short-term (weeks; Michalikova et. al., 2008; Blivet et. al., 2018), and long-term (months; De 

Taboada et. al., 2011; Grillo et. al., 2013; Purushothuman et. al., 2014, 2015) light treatment. Some of 

these studies also measured improvements in behavioural performance after PBM treatment, reporting 

a reduction in cognitive deficits associated in the CD1 transgenic mouse model (Michalikova et. al., 

2008), the APP/PS1 transgenic mouse model (De Taboada et. al., 2011), and the amyloid β peptide 25–

35-injected mice (Blivet et. al., 2018). An additional APP/PS1 mouse study demonstrated that PBM was 

able to reverse Aβ-obstructed interstitial fluid alongside improvement in memory task performance 

(Yue et. al., 2019). 

 

1.3.2 Parkinson’s disease models 

A number of animal models of Parkinson’s disease have been used to demonstrate the neuroprotective 

effect of PBM therapy (Hamblin, 2016; Johnstone et. al., 2016; Mitrofanis, 2017). In MPTP-treated mice 

(Shaw et. al., 2010; Peoples et. al., 2012; Moro et. al., 2013; Johnstone et. al., 2014; Reinhart et. al., 

2014, 2015; El Massri et. al., 2016a, 2016b, 2017, 2018; Ganeshan et. al., 2019) and monkeys (Darlot et. 

al., 2016; El Massri et. al., 2016a, 2016b), 6-OHDA-lesioned rats (Reinhart et. al., 2016), α-synuclein AAV 

virus-treated rats (Ouselati et. al., 2015), and the transgenic mouse model of K369I (Purushothuman et. 

al., 2013), PBM treatment resulted in more surviving dopaminergic neurones in the SNc than in the 

animals that were not treated. Further, in the MPTP-treated mice (El Massri et. al., 2016b, 2017) and 

monkeys (El Massri et. al., 2016a, 2018) there are reports of a reduction in gliosis, and in MPTP-treated 

monkeys, an increase in growth factor expression (GDNF) and dopaminergic terminations in the 

striatum (El Massri et. al., 2017). The greater number of surviving dopaminergic neurones was evident 

regardless of whether the PBM was applied before, at the same time, or after the MPTP treatment, 

showing neuroprotective effects of light (Peoples et. al., 2012; Reinhart et. al., 2015). There were further 

investigations demonstrating that PBM has the capacity to pre-condition the brain by activating 

neuroprotective transcriptomes that mitigate MPTP insult (Ganeshan et. al., 2019). In transgenic-

disease models, far infrared light exposed mice showed significantly increased levels of nerve growth 

factor and brain derived neurotrophic factor protein in the cerebrum, cerebellum and hippocampus 
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(Fukui et. al., 2021). Furthermore, an investigation by San Miguel and colleagues (2019) used MPTP 

injections on mice to demonstrate cerebrovascular compromise that was significantly mitigated by PBM 

treatment. They used fluorescent-labelled albumin to track the level of vascular leakage in the SNc and 

the caudate-putamen complex (CPu). Firstly, this investigation was the first of its kind to confirm that 

MPTP induces vascular leakage, and secondly it demonstrated the capacity of PBM in reducing the 

leakage, which was evident with significantly lower levels of fluorescent-labelled albumin within the 

SNc and CPu (San Miguel et. al., 2019).  

 

In addition to above mentioned anatomical features of neuroprotection, Shaw and colleagues (2012) 

have reported that PBM attenuated the abnormal parkinsonian neural activity in some basal ganglia 

nuclei such as the SNc and subthalamic nucleus (STN), and a structure associated with the basal 

ganglia, the zona incerta (ZI) (Lanciego et. al., 2012). This measure was obtained by discovering a 

lowered Fos expressions in neurones located in the above-mentioned regions. This improvement did 

not quite reach control levels, indicating partial restoration, and has been suggested to be due to the 

neuroprotection of the dopaminergic neurones in the SNc (Shaw et. al., 2012).  

 

There have also been studies that have reported clear PBM-induced improvements in locomotive 

behaviour in MPTP-treated mice (Whelan et. al., 2008; Moro et. al., 2013; Reinhart et. al., 2015), and 

monkeys (Darlot et. al., 2016), and a reduction in clinical signs in MPTP-treated monkeys (Darlot et. al., 

2016). In the MPTP-treated monkeys, such improvements remained up to three weeks post PBM 

therapy which suggests that the therapeutic effects of PBM therapy are long lasting, beyond the primary 

effects observed while the light is being applied (Darlot et. al., 2016; Moro et. al., 2016). Finally, in 6-

OHDA lesioned rats, there is evidence for a reduction in apomorphine-induced rotational behaviour 

after PBM treatment (Reinhart et. al., 2016).  

 

Transcranial applications of PBM are thought to be sufficient for reaching the striatum and the SNc in 

the midbrain which is near enough the cranial surface in rodents (mouse 2-3mm, rats 4-5mm), as PBM 

has the ability to penetrate 20-30mm of tissue; in monkeys it can reach the striatum (15-20mm) but not 

the SNc (40-50mm). Similarly, in the human brain the striatum is 50-60mm away from the cranial 

surface, and the midbrain containing the dopaminergic cells of the SNc 80-100mm below the cranium 

indicating that transcranial PBM will probably not reach either structure directly in humans. For this 

reason, an intracranial application of PBM has been developed, with the use of an optical fibre device 

connected to a laser (Darlot et. al., 2016; El Massri et. al., 2017). Of the already mentioned studies, 
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several utilised an  intracranial method of application on animal models of Parkinson’s disease; these 

studies have reported improvement in dopaminergic cell survival (Moro et. al., 2014; Darlot et. al., 

2016), improved behaviour (Reinhart et. al., 2015) and a reduction in clinical signs (Darlot et. al., 2016), 

in both rodents and monkeys. These studies generally found that the intracranial device was stable in 

freely moving animals, without toxic side effects, showing promising progress for possible use in 

humans (Moro et. al., 2014; Darlot et. al., 2016).  

 

1.3.4 Cognitive effects on healthy animals 

Photobiomodulation is known to produce effects on healthy aged animals, and some studies have 

demonstrated that effect in cognitive performance (Gonzalez-Lima and Barret, 2014; Hamblin, 2016). 

Middle-aged (12 months) and otherwise healthy CD1 female mice were treated with 1072nm light and 

consequently they showed improved performance in a 3D maze in comparison to sham-treated age-

matched controls (Michalikova et. al., 2008). In another study on rats using PBM therapy, measured an 

increase in oxygen consumption within the prefrontal cortex, accompanied by enhanced extinction 

memory and prevention of re-emergence of extinguished conditioned fear responses when compared 

to controls (Rojas et. al., 2012). Young and aged rats were exposed to near infrared light for 58 

consecutive days, and results showed that metabolic pathways for neurotransmission were significantly 

enhanced, while in aged rats, altered metabolic pathways were restored and closer to resembling those 

of the young rats (dos Santos Cardoso et. al., 2021). These results are indicative of the potential of PBM 

to have a clear beneficial effect on natural ageing. These results, albeit on animal models, are most 

encouraging for future use on humans. A caveat to acknowledge is that the ageing brain is a “grey area” 

when considering healthy vs. diseased categories. Although an ageing brain is “normal” it is still a 

deviation from “healthy” circuitry, however it is not necessarily “diseased” either. 

 

 
2. How does PBM affect the healthy human brain?  

2.1 fMRI and EEG: what do they tell us about the human brain 

 

Over time, brain imaging has evolved to allow researchers to understand more about the brain’s 

activities,  with devices such as magnetic resonance imaging (MRI) machines, and 

electroencephalogram (EEG) devices. Among the MRI approaches, functional magnetic resonance 
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(fMRI) offers excellent three-dimensional spatial resolution to visually represent the brain’s 

neuroanatomy, as well as localised brain activity through analysis of blood oxygen level dependent 

(BOLD) contrast (Voos et. al., 2013). BOLD relies on the concept that neurones do not contain their own 

reserves of glucose and oxygen, therefore, active neurones demand a delivery of these resources via 

the bloodstream. This results in a measurable ratio change of oxyhaemoglobin and deoxyhaemoglobin, 

creating a localised representation of neuronal activity, with a 2-3mm voxel using 3T MRI (Voos et. al., 

2013; Zaca et. al., 2014). Arterial spin labelling (ASL) is another MRI approach which labels the protons 

within arterial water in the brain and tracks their spin. This process provides an absolute measurement 

of cerebral blood flow and change in its flow, with a high temporal and spatial resolution. A particularly 

useful derivative of ASL is pseudo-continuous arterial spin labelling (pCASL) which maximises the 

efficiency and combability of ASL (Borogovac and Asllani, 2011). However, it is important to recognise 

that blood oxygenation and flow, measured in fMRI and pCASL respectively, does not provide a direct 

measure of brain activity (Siexas and Lima, 2011).  

 

EEG isanother form of brain imaging whereby electrodes are placed on different surfaces on the scalp 

to represent different lobes and lobe sections of the brain. The electrical potential is measured by these 

electrodes in response to naturally generated electrical brain signals. The frequencies that are 

processed are visually represented in waveforms, and particular ranges of frequency are associated 

with different types of activity. EEG is considered to have excellent temporal resolution as it almost 

instantaneously picks up brain wave activity, however, the spatial resolution is limited (Burle et. al., 

2015). Collecting EEG readings of the brain offers information on the neural oscillations during different 

types of tasks and in different types of resting states, which will be explained  below. EEG is a widely 

used method of brain imaging because of its financial accessibility and its universal applicability for 

measuring brain activity. Generally speaking, fMRI has excellent spatial resolution with limited temporal 

resolution, whilst EEG has opposite resolution, providing excellent temporal resolution but limited 

spatial resolution. Therefore, it is understandable that researchers have examined EEG and fMRI 

integration. This type of integration gives more spatial and temporal resolution as well as a more 

comprehensive measurement of brain activity, in both healthy and pathological brain environments (for 

example, epilepsy, and neurodegenerative diseases), during resting state and active states. However, 

as it currently stands, not all MRI functions are compatible with EEG functions and not all EEG functions 

are useable within an MRI machine (Laufs, 2012). Before we analyse fMRI scans and EEGs of the brain 

in response to PBM, we need to understand the six main large-scale networks of the brain, which are 

collections of brain regions that have functional connectivity, in other words presenting high levels of 

interaction based on fMRI BOLD signals (Bellec et. al., 2006). These large-scale networks seem to exist 
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universally amongst humans. There’s the “salience network” which presents as connectivity between 

the midcingulo-insular regions, the “attention network” with dorsal frontoparietal connectivity, the 

“control network” showing connectivity between the lateral frontoparietal regions, the 

“sensorimotor/somatomotor network” presenting as connectivity amongst the pericentral region, and 

the “visual network” with connectivity between the occipital lobe regions. Finally, there’s the Default 

Mode Network (DMN), which was first discovered during fMRI scans of the brain during resting state 

(Raichle, 2015). The DMN is essentially a map of the brain in which activity is high at certain locations 

of the brain, representative of functions that never stop, they are either enhanced or attenuated in 

response to a shift in task. There are three main sections of the DMN, the ventral medial prefrontal 

cortex, considered to be responsible for emotional processing; the dorsal medial prefrontal cortex, 

often associated with self-referential mental activity; and the posterior cingulate cortex, known to drive 

the recollection of previous experiences.  

 

For EEG in particular, it’s important to understand the baseline of brain waves and the context in which 

they are typically found. For example, delta waves (0.1-4 HZ) are associated with the grey matter activity 

of the brain and often recorded during sleep stages 3 and 4. Theta waves (4-8 Hz) are related to 

subconscious activity and meditation, not often measured in the typical adult brain. Alpha waves (8-13 

Hz) often represent white matter brain activity and are usually recorded while subjects are awake and 

relaxed with closed eyes. Beta waves (12-30 Hz) are usually seen while individuals are in conscious 

states, partaking in active behaviour, whilst gamma waves (30-100 Hz) are associated with hyper 

alertness and while sensory inputs are being deeply integrated (Kumar and Bhuvaneswari., 2012).  

 

Therefore, the DMN for the human brain in its resting state, and the brain waveforms according to 

associated activities are one way to assess the effect of the healthy human brain in response to PBM, 

using the neuroimaging tools fMRI and EEG.  

 

 

2.2 Current data in the literature – do we know anything about the effect of PBM on healthy human 

brains? 

Notwithstanding investigations of the effect of PBM on pathological systems, whether it be animal 

models or patients with neurodegenerative disorders, the explorations of the effect of PBM on healthy 

humans also has its merit. Having a better understanding for how PBM affects the healthy brain will 

allow us to make more accurate comparisons to the effect on diseased brains (Moro et. al., 2022). This 

in turn lays a foundation for future clinical trials for PBM as a treatment approach for example, in 
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neurodegenerative disease. In essence, studying the effect of PBM on healthy human brains with 

neuroimaging sets a template for normal function, that later studies on disease can build on; further, if 

PBM improves the function of the brain than it could be viewed as a preventative treatment, because 

many previous studies have shown that an increase in cognitive brain function during middle-age can 

reduce the likelihood of developing neurodegenerative disease later in life (Gonzalez-Lima and Barret, 

2014; Hamblin, 2016; Michalikova et. al., 2008; Rojas et. al., 2012). Many studies have reported that 

PBM can affect the human brain in both young and older individuals, and beneficial effects on high level 

cognitive functions have been reported by many research teams (Barrett and Gonzalez-Lima, 2013; 

Gonzalez-Lima and Barrett, 2014; Blanco et. al., 2017a,b; Grover et. al., 2017; Jahan et. al., 2019). 

Studies have also shown that PBM is likely to stimulate neuroplasticity in a similar manner to non-

invasive brain stimulation such as repetitive transcranial magnetic stimulation (rTMS), and transcranial 

direct current stimulation (tDCS). This benefit has shown promise for neurological conditions like drug 

addiction (Mahoney et. al., 2021), and post-traumatic stress disorder (PTSD) (Florian et. al., 2023). 

Furthermore, a recent study has reported that functional near infrared spectroscopy (fNIRS) devices 

often used for non-invasive optical imaging were noted to induce cognitive enhancement effects 

(Waight et. al., 2023). Therefore, contrary to previous assertions, fNRIS devices may in fact change brain 

activity and hence interfere with the effect of PBM since they behave as PBM devices by emitting near 

infrared light. 

Several studies have revealed emotional and cognitive improvement from PBM treatment including 

memory retrieval tasks and more positive emotional states in PBM-treated individuals compared to the 

placebo control group (Barret and Gonzalez-Lima, 2013; Gonzalez-Lima and Barret, 2014). The DMN 

was also shown to be affected by PBM treatment, accompanied with an improvement in cognitive tasks 

in two retired football players, albeit they technically suffered from chronic traumatic encephalopathy 

due to the high contact sport (Naeser et. al., 2019). Executive functions tested via the Wisconsin card 

sorting task (Blanco et. al., 2017a) and rule-based category learning (Blanco et. al., 2017b) presented 

fewer errors in the PBM-treated groups. Further, fMRI studies combined with cellular analyses 

demonstrated increases in cytochrome oxidase C oxidation with elevated haemoglobin oxygenation in 

response to PBM treatment (Wang et. al., 2017; Saucedo et. al., 2021). Vargas and colleagues (2017) 

recruited older adults for PBM treatment and conducted both EEG and fMRI analysis while participants 

engaged in psychomotor vigilance tasks and verbal memory tasks; they found PBM-induced 

improvements in reaction times and correct responses were statistically significant in comparison to 

placebo control groups. Together with the improved task performances in these cases, was a reduction 

in BOLD-fMRI activity in areas of the DMN, such as the posterior cingulate cortex, medial prefrontal 

cortex, and the inferior parietal lobe (Fig 1.2.2). BOLD fMRI receives its signal based on increased 
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cerebral blood flow, the reduction of oxygen consumption and cerebral blood volume. Since PBM 

increases oxygen consumption and haemoglobin oxygenation (see above), a reduced BOLD fMRI signal 

(Rojas et. al., 2012; Tian et. al., 2016, Wang et. al., 2017) is not so surprising. Contrastingly, there were 

also instances where PBM was observed to increase connectivity between the DMN structures such as 

the posterior cingulate cortex and lateral parietal nodes in resting Alzheimer’s patients, accompanied 

with improved performance in the Alzheimer’s Disease Assessment Scale-cognitive subscale (ADAS-

cog). These results indicate an effect on the DMN in response to PBM, but more thorough exploration 

on the effect of PBM for neurodegenerative diseases such as Alzheimer’s will be addressed in the next 

section. The EEG results also indicated an increase in alpha, beta and delta amplitudes in response to 

PBM (Fig 1.2.2.), that were present during the reaction time tasks and even 10 minutes after the tasks. 

There are a number of other investigations that show similar EEG results, whereby PBM increased alpha, 

beta and delta waveform amplitudes in accompaniment with improved reaction times and attention 

performance (Grover et. al., 2017; Jahan et. al., 2019; Wang et. al., 2019, 2021; Zommordi et. al., 2019; 

Shan et. al., 2021). At the time of candidature commencement (2017) there were few fMRI studies 

investigating the effect of PBM on resting and motor-tasking brains in healthy individuals. The aim of 

chapters two and three is  to address in fMRI studies of the effect of PBM on resting and motor-active 

healthy brains. 
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3. Photobiomodulation and Parkinson’s disease 

3.1 Parkinson’s disease as we know it 

Parkinson’s disease is the second most common neurodegenerative diseases, with Alzheimer’s disease 

being the first, and its incidence is steadily growing with the ageing population (Canonico et. al., 2022). 

Together with the development of distinct motor signs - for example, resting tremor bradykinesia and 

lead-pipe rigidity - associated with primarily with the degeneration of midbrain dopaminergic cells, 

many patients develop dementia and loss of cognitive function as the disease progresses. Cross 

sectional studies showed that dementia occurs in 40% of Parkinson's disease cases, however, 

longitudinal studies estimate that dementia is present in 75 – 90% of patients (Kehagia et. al., 2010). 

Within the clinical setting, Parkinson’s disease can be assessed with different types of tests, including 

but not limited to observing a patient’s gait, using the timed up and go (TUG) test which is a test based 

on simple motor tasks, and graphology. The scores on these tests help patients and medical 

professionals assess the severity of the condition, as well as any potential improvements seen in 

response to treatment. 

Traditional treatment for Parkinson’s disease has revolved around managing the motor signs, and 

sometimes the behavioural components (Antonini and Cilia, 2009). This includes dopaminergic drug 

therapy, deep brain stimulation, some antidepressants, mood stabilisers and atypical antipsychotics. 

However, the problem with the pharmacological treatments is that they often have adverse side effects, 

such as nausea, headache, somnolence, dizziness, agitation, impulsive behaviour and confusion 

(Engmann, 2011; Ramic et. al., 2020; Gandhi and Saadabadi, 2021). Over time, patients treated with 

dopaminergic drug therapy eventually develop motor complications, including involuntary movements 

(i.e., dyskinesias) and hallucinations (Watts et. al., 2004). The dopamine overdose hypothesis has also 

been introduced (Kish et.al., 1988; Swainson et. al., 2000) whereby a seesaw effect is witnessed in 

patients on drug therapy (e.g. levodopa) who are reported to have poor probabilistic reversal learning 

and improvement in their set switching performance. However, when the patients come off of 

levodopa, there are reports of the opposite effect happening: improved probabilistic reversal learning 

and worsened set-switching (Vaillancourt et. al., 2013). This trade-off effect indicates that that patients 

Fig. 1.2.2. Diagram offers a visual representation of the effect of PBM on healthy human brains, according to 
fMRI, PBM has shown an increase in connectivity between structures of the DMN, such as the posterior cingulate 
cortex, the medial prefrontal cortex and the inferior parietal lobe (Vargas et. al., 2017). According to EEG 
readings, PBM resulted in an increase in amplitudes for alpha (8-13Hz), beta (14-30Hz) and delta (<3.5Hz) 
waveforms, depicted with red lines (Grover et. al., 2017; Jahan et. al., 2019; Wang et. al., 2019, 2021; Zommordi 
et. al., 2019; Shan et. al., 2021). 
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on levodopa are experiencing challenging short term and long-term side effects, hence the interest in 

the non-invasive approach of PBM that’s known to have very little, if any, side effects. 

 

3.2 Neuroimagining for Parkinson’s disease  

Parkinson’s disease can be visualised and analysed in many different ways with different neuroimaging 

technologies. Neuroimaging for Parkinson’s disease can be approached from an anatomical perspective 

using structural methods of MRI, such as conventional T1 and T2 weighted imaging, neuromelatonin 

imaging, voxel-based morphometry, diffusion tensor imaging, magnetic resonance spectroscopy, 

functional MRI methods, such as BOLD fMRI, pCASL. EEG and positron emission tomography (PET) have 

also been used to measure baseline activity of Parkinson’s disease (Schuff et. al., 2009; Lehericy et. al., 

2012; Kahan et. al., 2014). PET imaging in particular is widely used to assess the condition of 

dopaminergic systems through the use of PET radioligands that target dopamine terminals and 

dopaminergic receptors.This offers a measurement of both pre- and post- synaptic functions is 

Parkinson’s patients (Gopalakrishnan and Stoessl, 2011; Niccolini et. al., 2014). However, of all these 

methods, the most appropriate and commonly used have been MRI and EEG methods due to being 

safer, less invasive and more accessible (Kahan et. al., 2014). Parkinson’s disease has been analysed and 

visualised through the use of MRI with focus on the substantia nigra (Lehericy et. al., 2012), MRI T1 

quantitative imaging of the hippocampus (Agosta et. al., 2013), EEG pattern changes in participants with 

early onset Parkinson’s disease (He et. al., 2017) and Parkinson’s disease (Geraedts et. al., 2018; Gong 

et. al., 2021), voxel-based morphometry (Agosta et. al., 2013; Fioravanti et. al., 2015). 

 

In an MRI study that utilised quantitative T1 imaging, a comparison was made on the grey matter tissue 

of patients with Parkinson’s disease and Parkinson’s disease with dementia (Haris et. al., 2011). 

Quantitative T1 imaging (T1p) is a method which measures the amount of time it takes for water 

molecules to “relax” after magnetisation, the macromolecular composition of the water alters the T1p 

relaxation time. Macromolecular changes are present in diseased tissue, for example in plaques and 

tangles (Agosta et. al., 2013). In the study by Haris and colleagues (2011), T1q levels were measured in 

the hippocampus of Parkinson’s patients with normal cognitive function, Parkinson’s patients with 

dementia, and healthy controls. T1p was significantly higher in the Parkinson’s patients with dementia 

compared to healthy controls, whilst the Parkinson’s patients without dementia symptoms had 

significantly lower T1p values compared to healthy controls.  
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Voxel-based morphometry studies have been used to analyse grey matter atrophy in Parkinson’s 

patients (Beyer et. al., 2007; Lee et. al., 2010; Melzer et. al., 2012; Fioravanti et. al., 2015). Grey matter 

atrophy is well established in Lewy body dementia (Beyer et. al., 2007; Melzer et. al., 2012). Fioravanti 

and colleagues (2015) studied grey matter atrophy in Parkinson’s disease patients as the disease 

progressed over 2 years, initially noting reduced grey matter in the right putamen and parietal cortex, 

and then after 2 years additional atrophy in the putamen and parietal cortex within the same patients, 

as well as the pedunculopontine nucleus and the SNc. However, Parkinson’s disease patients can also 

have early onset mild cognitive impairment, or late onset mild cognitive impairment. Grey matter 

atrophy of the orbitofrontal and parietal cortices was significantly more severe in Parkinson’s patients 

with early mild cognitive impairment, compared to Parkinson’s with late mild cognitive decline (Lee et. 

al., 2012). Patients with early cognitive impairment presented with more severe grey matter atrophy in 

the superior temporal areas, but patients with late cognitive impairment presented more severe grey 

matter atrophy of the anterior and cingulate cortex (Lee et. al., 2010).  

 

The BOLD fMRI resting state connectivity of unmedicated Parkinson’s patients offers useful information 

for clinical diagnosis and understanding brain disorders (Kahan et. al., 2014), and together with the 

resting state connectivity of the healthy human brain offer a powerful set of foundations to compare 

the effect of PBM on the brain and its restorative impact on resting state connectivity. Baseline BOLD 

fMRI studies for treatment naïve Parkinson’s patients showed a reduced connectivity at the premotor 

cortex and putamen (Wu et. al., 2009; Esposito et. al., 2013), reduced striato-thalamic connectivity 

(Hacker et. al., 2012), increased connectivity between the motor cortex and cerebellum (Wu et. al., 

2009) as well as increase in the motor cortex and subthalamic nucleus (Baudrexel et. al., 2011). The 

reduced connectivity between the premotor cortex and putamen, along with the connectivity between 

striatum and thalamus are an indicator of the nigrostriatal dopaminergic connections that are being 

compromised in PD. Meanwhile, the increased connectivity directly from the motor cortex to the 

cerebellum and the subthalamic nucleus are an indication of an established compensation for the 

reduced connectivities (Fig 1.3.2.). For a long time, the putamen (which makes up the striatum along 

with the caudate nucleus) has been known to work with these other basal ganglia structures to influence 

a variety of motor behaviours, such as planning, learning and execution (Delong et. al., 1984a; Alexander 

and Crutcher, 1990) and movement sequences (Marchand et. al., 2007). All these processes are affected 

in Parkinson’s disease as the putamen’s innervation to the globus pallidus interna (GPi) in the direct 

motor pathway pathologically reduces due to lack of dopamine, while its innervation to the globus 

pallidus externa (GPe) in the indirect pathway increases. through disinhibition. In physiologically normal 
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conditions the effects are opposite due to sufficient dopamine levels balancing the direct and indirect 

pathways (Delong et. al., 2007).  

 

EEG patterns are also affected in patients with Parkinson’s disease with a general consensus for slower 

waves in comparison to healthy participants (He et. al., 2017; Geraedts et. al., 2018; Gong et. al. 2021). 

Furthermore, since patients with Parkinson’s disease can have either normal cognitive function, or 

cognitive impairment with dementia, EEG patterns show that EEG brain wave patterns are slowed down 

in Parkinson’s disease patients with normal cognitive function, however brain waveforms are even 

slower in Parkinson’s disease patients with dementia (Geraedts et. al., 2018; Gong et. al., 2021). A study 

by He and colleagues (2017) investigated the waveform patterns of the brain of patients with early 

onset Parkinson’s disease, without dementia, and found more “diffuse slow waves” in 44% in 

comparison to the healthy brain control group. Additionally, almost 29% of these patients showed a 

lower frequency of beta background waves in the bilateral occipital, bilateral posterior temporal, 

bilateral parietal and left central regions, down to 7 - 9 Hz, while normal resting beta brain waves in 

healthy brains are 12 – 30 Hz (Kumar and Bhuvaneswari, 2012). 



Hala El Khoury 

24 
 

3.3 Neuroprotective / neuro-regenerative effects of PBM on Parkinson’s disease 

Numerous studies on animal models of Parkinson's disease have shown time and time again the 

beneficial effect of PBM, with protection to the dopaminergic cells and restoration of motor and 

cognitive behaviour (see section 1 Parkinson’s disease animal models). Although these animal models 

are helpful, they do not replicate the human condition in terms of exact pathologies and timescale 

(Torres et. al., 2017; Hamilton et. al., 2018a). Nevertheless, many different types of animal models have 

been used - for example, toxin-induced and transgenic in a range of different experimental animals, 

from fly to monkeys - and each of these contribute to a better understanding of the idiopathic forms of 

the disease in humans (e.g. Mitrofanis, 2019). 

In vitro studies on human neuroblastoma cells that overexpressed α-synuclein and exposed to MPP+, 

demonstrate PBM treatment increases mitochondrial function and reduced oxidative stress (Trimmer 

et. al., 2009; Quirk et. al., 2012). In a study by Trimmer and colleagues (2009), PBM treatments were 

also conducted on hybrid cells that contained mitochondrial DNA from Parkinson’s patients. In response 

 

Fig 1.3.2. A schematic diagram to compare the direct and indirect motor pathways in a normal brain versus a 
brain with Parkinson’s disease (PD). The diagram shows the effect that dopaminergic cell death has on the 
innervation pathways of the direct and indirect motor pathways, hence explaining the unrefined and disrupted 
motor behaviour. (Adapted from the diagram in Pretegiani and Optican, 2017). 
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to PBM the pattern of mitochondrial movement along axons was almost restored to healthy control 

levels. These results suggest that PBM can be effective on human cells considering the above-

mentioned results came from studies that used human neuroblastomas and hybrid cells with DNA from 

Parkinsonian patients. 

A number of clinical case reports and one small scale placebo-controlled trial have tested the effects of 

transcranial PBM, applied with handheld lasers, light emitting devices or helmets lined with LED strips 

for head coverage, in Parkinson's disease patients. These reports have documented changes in the signs 

and symptoms of the disease after and during PBM treatment on a number of patients (Hamilton et. 

al., 2018a; Santos et. al., 2019; Liebert et. al., 2021). A 9-week treatment protocol showed statistically 

significant improvement in the gait of PBM treated Parkinson’s disease patients in comparison to those 

treated with placebo sham, moderate improvements in the TUG test were non-significant, albeit 

marginally (p = 0.094) (Santos et. al., 2019). In another study, four patients were observed individually, 

three of which had Parkinson’s disease and one progressive supranuclear palsy (PSP), using a helmet 

lined with LED strips that shone red to near infrared light (670nm, 820nm, 850nm, 940nm). These 

patients reported improvements in their day to day lives. This measure was based on tremor, gait, 

difficulty in swallowing and speech, akinesia, difficulty with facial animation, reduced motor skills, 

diminished sense of smell, and lower social confidence. Signs and symptoms were often reported by 

carers and medical practitioners. Of these signs and symptoms, approximately 75% showed 

improvement, 25% remained the same, and none worsened. These improvements were slow in onset 

and lasted for the entire duration of the longitudinal study which was between 12 and 14 months long 

for two of the participants. This indicates that there was not a placebo phenomenon, furthermore, none 

of the participants developed adverse reactions, even though treatment was long term. All of this 

information suggests that the benefits of PBM are applicable to clinical settings (Hamilton et.al. 2018b).  

Other studies have also shown an improvement in parkinsonian signs in response to PBM. A study with 

thirty-six Parkinson’s disease patients involved a PBM treatment protocol of 30 minutes for ten days 

with an intranasal device and found improvement in approximately 90% of Parkinsonian signs (Zhao et. 

al., 2003). Speech, cognition, gait and freezing episodes in a two-week study with eight Parkinson’s 

disease patients with transcranial PBM delivery were also improved (Maloney et. al., 2010). A promising 

clinical trial by Liebert and colleagues (2021) recruited 12 participants with Parkinson’s Disease. Half the 

group immediately started their 12-week PBM treatment protocol, while the remaining half waited for 

14 weeks before commencing the same treatment protocol. The treatment protocol in question 

included PBM administered transcranially, intranasally, and over the neck and abdominal regions. 

Measurements of the effect of PBM on their cognition, mobility, balance and fine motor skills were 

taken before PBM treatment commenced, 4 weeks after PBM commencement and at the end of the 
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12-week treatment protocol. Results averaged across all participants showed a significant improvement 

in all tested categories, such as mobility tests, dynamic balance tests, cognition tests, fine motor tests, 

and static balance tests. In fact, most results achieved the Minimal Clinically Important Difference 

(MCID), revealing effectiveness to PBM as a treatment for Parkinson’s disease. Liebert and colleagues 

conducted another series of studies the following year (2022) to elaborate on the concept of PBM as a 

promising treatment for PD, the main difference in this study being the remote nature of the treatment 

and the ability to self-administer PBM during the COVID-19 lockdown seasons. Once again, results 

similarly indicated significant improvement in various PD clinical signs, such as sense of smell, cognition, 

mobility, dynamic balance and the spiral test. The 2022 study adds an additional layer to the benefits 

of PBM, such as accessibility to the treatment type away from the clinic, as well as versatility in the 

treatment to withstand challenging medical pandemics.  

Therefore, based on these case studies,incidental findings and reports, there is an early, but promising 

indicator that PBM has a beneficial and neuroprotective effects on Parkinson’s disease patients, at the 

time of writing this thesis. As it currently stands,  there are few trials with large patient numbers with 

Parkinson’s disease and other neurodegenerative conditions. The trajectory of the research seems to 

be leading in t direction.However for PBM to become a more established treatment for Parkinson’s 

disease, many more trials are needed over varying lengths of time with varied PBM treatment protocols, 

and the measurement of clinical signs and symptoms of Parkinson’s disease. This will allow PBM to 

progress as a treatment, and for more clarity on the most effective parameters of the PBM treatment 

protocol. 

 

4. Photobiomodulation, neuroinflammation and oxidative stress 

4.1 Drawing the connection between neurodegeneration, neuroinflammation and oxidative stress.  

There is a long-standing literature in the neurodegenerative field that has established a clear 

relationship between neuroinflammation and neurodegeneration. In fact, a strong connection between 

the two pathologies has been established in many experimental studies and reviews (Rogers et. al., 

1988; Dickson et. al., 1993; McGreer et. al., 1993; McGreer and McGreer, 1998; Chen et. al., 2016; 

Kempuraj et. al., 2016; Guzman-Martinez et. al., 2019; Kwon et. al., 2020; Muzio et. al., 2021; Hanna et. 

al., 2022). Initially, neuroinflammatory responses are a natural and helpful response to stressors, such 

as the introduction of pathogens, or help repair damaged tissue from neurodegeneration. However, 

when neuroinflammatory responses are unregulated, excessive, or occurring for prolonged periods of 

time, they create a toxic environment that contributes to further damage and exacerbation of 
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neurodegeneration (Chen et. al., 2016). Even in the normal ageing brain, neuroinflammation is expected 

and typical to an extent (Moore et. al., 2010; Hanna et. al., 2022). 

Innate and adaptive immune-mediated neuroinflammatory responses are observed in Parkinsonian and 

Alzheimer’s patients. Innate immune cells such as microglia, dendritic cells, or macrophages recognise 

pathogens, fragments of damaged cells, or cellular stress and present these to the adaptive immune 

system. A study on a stroke model demonstrated infiltration of these cells through the BBB into the 

brain (Schulze et. al., 2021). This has also been suggested in other neurodegenerative diseases such as 

Alzheimer’s and Parkinson’s due to increased BBB permeability (Desai et. al., 2007; Rezai-Zadeh et. al., 

2009; Rosenberg et. al., 2012), resulting in infiltrating T lymphocytes and B lymphocytes which would 

target tau, amyloid beta and a-synuclein surfaces and molecules. There are mentions of Aβ -specific T 

lymphocytes which have a high affinity for surface molecules of amyloid beta, which are acquired 

through engagement of the adaptive immune system (Yang et. al,. 2013). Over time, as the adaptive 

immune system is engaged whilst the neuroinflammatory response is out of control, more cells are 

likely to be targeted and killed (Mietelska-Porowska & Wojda, 2017). For this reason, there has been a 

growing interest in targeting the immune system and inflammatory response to attenuate effects of 

neurodegeneration. It has been proposed that non-steroidal anti-inflammatory drugs (NSAIDs) could be 

used to reduce neuroinflammation and therefore lower the severity of neurodegenerative diseases, 

such as Alzheimer’s, Parkinson’s, and amyotrophic lateral sclerosis (Moore et. al., 2010; Hanna et. al., 

2022). It is also important to note that the substantia nigra has higher concentrations of microglia, 

making the area quite susceptible to neurone destruction via microglial activation (Wilshusen and 

Mosley, 2014).  

In a neurodegeneration-induced neuroinflammation environment, oxidative stress can play a role in the 

perpetual nature of excessive neuroinflammation. In such conditions, the production of arachidonic 

acid perpetuates both neuroinflammation as well oxidative stress. Neuroinflammatory responses (Fig 

1.4.1.) occur due to the production of eicosanoids such as thromboxanes, prostaglandins and 

leukotrines in response to arachidonic acid (Farooqi, 2014). These signalling molecules stimulate the 

innate immune system. On the other side, oxidative stress increases as a result of arachidonic acid 

causing cellular reactive oxygen species (ROS) levels to increase (Fig 1.4.1.), which disrupts the normal 

redox signalling pathway and causes molecular damage (Farooqi, 2014; Zuo et. al., 2019). As a result, 

the presence of elevated ROS levels creates a vicious cycle, which contributes to neurodegeneration 

and additional neurodegeneration-induced neuroinflammation (Cheng et. al., 2021). When this 

dynamic is targeted in an animal model of epilepsy by neutralising ROS with antioxidants, the 

neuroinflammatory response appears to be attenuated, thus breaking the cycle(McElroy et. al., 2017). 
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To add context to the relationship between oxidative stress and Parkinson’s disease, it is believed that 

the oxidative synthesis and metabolism of dopamine (Riederer and Wuketich, 1976; Greenamyre and 

Hastings, 2004) along with low glutathione levels in the SN (Banerjee et. al., 2008) creates an 

environment with higher levels of oxidative stress, contributing to neuronal death of dopaminergic 

neurons (Wilshusen and Mosley, 2014).   

Based on the cyclical connections between neurodegenerative diseases, neuroinflammatory responses 

and oxidative stress, it is reasonable to seek different forms of treatments that can break these cycles. 

PBM is one such treatment that has been proposed to attenuate neuroinflammation and oxidative 

stress (Hamblin, 2016; Kumar Rajendran et. al., 2019). Although PBM absorption of photons by CcO and 

other molecules results in greater production of ATP and brief outburst of ROS (Hamblin, 2017; Wong-

Riley et. al., 2005), PBM, in the longer term, reduces the levels of reactive oxygen species. Alongside 

this process, a number of transcription factors within cells are activated, along with anti-inflammatory 

cellular signalling pathways (see above).   

There is also a “knock on effect” observed whereby the effect of PBM on one type of cell can lead to 

benefits in other cell types. For example, there are several reported instances whereby PBM had direct 

beneficial impact on neurones, and this resulted in reduction of glial activity and inflammation (El-

Massri et. al., 2016; Johnstone et. al., 2014). Further, studies have found a beneficial effect of PBM on 

the microbiome of Parkinson’s Patients, since gut inflammation has been linked to a-synuclein 

misfoldings in the enteric nervous system (Bicknell et. al., 2022). There are also direct effects of PBM on 

different types of cells, such as astrocytes, microglia, oligodendrocytes, and other infiltrating immune 

cells (Yang et. al., 2021; Yang et. al., 2022). The effect of PBM on different cell types will be explored 

more deeply in the following section. These effects, direct and indirect, all interact in a synergistic way 

to amplify the positive effect of PBM on the brain environment, such as clearing waste products, 

encouraging beneficial immune responses, to promote neuroprotection (Hamblin, 2016; Johnstone et. 

al., 2016; Mitrofanis, 2019; Moro et. al., 2022). 

  



Hala El Khoury 

29 
 

 

Fig 1.4.1. a simplified schematic diagram of the cellular mechanisms that contribute to both oxidative stress 
and neuroinflammation. Arachidonic acid contributes to neuroinflammation directly through the production 
of eicosanoids, and indirectly, through the production of reactive oxygen species (ROS) which stimulates 
transcription factors for proinflammatory cytokines such as IL-1β, TNF-α, IL-6 (Cheng et. al., 2016). 
(Diagram adapted from Farooq, 2014) 
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4.2 Effect of PBM on different cell types within the brain:  

Microglia  

The microglia  would be an ideal target for PBM, considering the potential impact these cells have on 

creating neurotoxic environments in the brain in neurodegenerative and other disease states (Wang et. 

al, 2021). Their cellular morphology has an extensive number of protrusions, allowing them to directly 

contact and influence the function of other cells, such as neurones and other types of glia (Wishusen 

et. al., 2014). Microglia are derived from myeloid-progenitors and share similar genetic transcriptomes 

with blood borne monocytes (Ling & Wong, 1993). There are different types of microglia, commonly 

classified with dichotomous models, such as M1-shifted (inflammatory) and M2-shifted (anti-

inflammatory) states, as amoeboid microglia, which are proliferative, migratory, and phagocytic, as 

opposed to ramified microglia, which are less active (Parakalan et. al., 2012). For example, amoeboid 

microglia contain monocytic genes Cxcr4, Csk, and Rac1 which have been associated with Parkinson's 

and Huntington’s disease and HIV disease pathways, along with phagocytosis and chemokine signalling 

pathways (Parakalan et. al., 2012). In contrast, ramified microglia express different monocytic genes, 

such as Hla-c, Cd74, Cd302, LSp1, and RUnx3, which are responsible for lysosome related functions and 

antigen presentation (Parakalan et. al., 2012). Amoeboid, neurotoxic microglia express inflammatory 

markers such as inducible nitric oxide synthase (iNOS), tumour necrosis factor-α (TNF-α), interleukins 

IL-1β and IL-6 (Pisanu et. al., 2014) which have a destructive effect on the neuronal and glial tissue in 

the brain. For example, in a Parkinson’s disease rodent model, the number of ameboid microglia within 

the SNc have a high correlation with the degree of cell loss (O’Brien and Austin, 2019). However, this 

dichotomous way of looking at the states of microglia has now been superseded by classification 

depending on the area of the brain in which they reside and some other variables (Bachiller et. al., 

2018). Microglia are gaining recognition for their multidimensional nature as there are multiple factors 

that influence their states and types of activities, such as epigenetic, morphologic, proteomic, 

transcriptomic, and metabolic factors (Paolicelli et. al., 2022). Furthermore, these multiple states 

contribute to the growing list of microglial functions. There are constructive functions that microglia 

contribute towards such as myelination, synapse remodelling, tissue repair, vasculogenesis. There are 

also inflammation-related functions microglia contribute to such as inflammation, BBB permeability, 

phagocytosis, and surveillance (Paolicelli et. al., 2022). All of these functions are present in healthy brain 

environments, however become unbalanced in pathological states such as neurodegeneration.  

PBM has been shown to have beneficial effects on microglia. An in vitro study by Song and colleagues 

(2019) has reported a muting effect on the activation of neurotoxic (amoeboid) microglia in a 

lipopolysaccharide (LPS) cell culture. Where previously the LPS would have initiated strong immune 
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responses by activating microglia via toll-like receptor activation, PBM prevented thisat a direct cellular 

level. In the study by O’Brien and Austin (2019), LPS injection in a Parkinson’s disease model caused a 

significant increase in the amoeboid microglial cells, however not in the PBM treated group, indicating 

an anti-inflammatory effect. In two separate traumatic brain injury models, PBM was shown to also 

inhibit microglial activation along with improvement in cognitive deficits (Khuman et. al., 2012), and 

even a reduction in the number of caspase 3- expressing cortical neurons (Esenaliev et. al., 2018). 

Furthermore, PBM modified the expression of enzymes involved in amyloid peptide production and 

degradation pathways (Song et. al., 2012; Zhang et. al., 2020; Bathini et. al., 2022). However, microglial 

activity was not completely inhibited, with phagocytosis of the protein aggregates being significantly 

increased in PBM treatment groups. The animal studies by Yang and colleagues (2018, 2021, 2022) 

suggest an explanation as to why microglial activation was not completely inhibited, with results 

indicating that PBM changed the phenotype of the microglia towards constructive functions and results 

varied depending on different microglial markers measured. 

 

Astrocytes 

Astrocytes have a close relationship with microglia and are activated into neurotoxic states in response 

to inflammatory cytokines, such as IL-1α, component 1q (C1q) and TNF-α  (Fig 1.4.2.) released by the 

microglia (Liddelow et. al., 2017; Wang et. al., 2021). For this reason, several studies have categorised 

astrocytes and microglia together to measure neuroinflammatory response. These studies in particular 

used anti-inflammatory treatments different to PBM,  such as bexarotene (He et. al., 2018), Ceria 

nanoparticles (Zheng et. al., 2021), and microRNAs from neurone-derived exosomes (Jiang et. al., 2020). 

In a functional context, neurotoxic astrocytes have lost most of their normal supportive functions. In a 

balanced system, they help to clear toxic agents from the CNS. However, in a context such as 

neurodegenerative disease or other chronic pathology, where astrocytes are activated continually, this 

results ultimately in disrupted synaptic function, abnormal synthesis and release of neurotransmitters, 

and premature death of neurones and oligodendrocytes (Liddelow et. al., 2017; McGeer and McGeer 

1998).  

PBM has been shown to limit the activation of astrocytes directly and indirectly. PBM directly prevents 

activation of astrocytes by inhibiting the lcn2 and JAK2/JAK3 cellular signalling pathways (Yoon et. al., 

2021), thus preventing the production of transcription factors that directly activate astrocytes. PBM 

also indirectly prevents activation of astrocytes by inhibiting the very same lcn2 and JAK2/JAK3 cellular 

signalling pathways, therefore preventing the activation of microglia (Yoon et. al., 2021), preventing 

microglial secretion of inflammatory cytokines which would have activated the astrocytes. 



Hala El Khoury 

32 
 

Furthermore, 660nm PBM was found to promote astrocyte proliferation in a cell culture study (Yoon et. 

al., 2021). 

There are also several studies that did not directly measure the effect of PBM on neuroinflammatory 

response, however they coincidentally recorded indirect beneficial effects of PBM on astrocytes – such 

as reduction in astrogliosis (El-Massri et. al., 2016; Johnstone et. al., 2014; Yang et. al., 2021; Yang et. 

al., 2022).  

 

Oligodendrocytes 

For a long time, oligodendrocytes were thought to primarily only play a role in myelination to promote 

saltatory conduction in a neurone’s impulse. However, over the last 30 years or so - oligodendrocytes 

have gained recognition for their high level of involvement in immunological responses, especially in 

myelin-degenerative diseases such as multiple sclerosis and experimental autoimmune 

encephalomyelitis (EAE) (Madsen et. al., 2020; Madeira et. al., 2022).  

Due to the connected relationship between astrocytes and oligodendrocytes (Carmen et. al., 2007; 

Nutma et. al., 2020; Guo et. al., 2021), it is likely that PBM has at the very least an indirect effect on 

oligodendrocytes by having an effect on astrocytes. 

 

Infiltrating lymphocytes  

In a healthy, physiological state, lymphocytes are unable to cross the BBB to infiltrate the nervous 

system. However, in cases of neurodegeneration or damage such as stroke-induced ischemia, 

lymphocytes have been observed to infiltrate the central nervous system (Schulze et. al., 2021). For 

example, T cell lymphocytes can be activated via their T cell receptors to relocate for infiltration. A study 

using an EAE model by Furlan and colleagues (2001) modelled the infiltration of T lymphocytes into the 

nervous system, and by exposing their models to excessive amounts of the cytokine, interferon Y, the 

intruding cytotoxic cells underwent apoptosis. To take this effect further, it was demonstrated that PBM 

upregulates anti-inflammatory markers, such as IL-10 (Fig 1.4.2.) in neurodegenerative animal models, 

such as the Alzheimer’s APP/PS1 and 3xTgAD mice models (Wu et. al., 2022). It is also important to 

remember that PBM treatment to other sites of the body can stimulate overall improvements including 

immune system and cognitive performance. For example, PBM treatment targeting the bone marrow 

of 5XFAD mice was shown to activate different cell types, such as mesenchymal stem cells from the 

bone marrow to infiltrate the brain and perform phagocytosing behaviours against amyloid beta 
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particles (Oron and Oron, 2016). These results were accompanied with cognitive improvements, such 

as longer freezing time in the mice, suggest indirect PBM effects (as mentioned in section 1.2), possibly 

in combination with direct effects of PBM on infiltrating lymphocytes.  

 

Fig. 1.4.2. A schematic diagram of a neuro-inflamed, neurodegenerative (Alzheimer’s disease) brain 
environment with permeable BBB and the effect PBM has on microglial activity and other infiltrating immune 
cells. The reduction of destructive inflammatory behaviours and the increase of anti-inflammatory 
behaviours.  
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4.3 The relationship between PBM and neuroinflammation. 

Recently there has been a consistently growing contribution of studies that investigate the effect of 

PBM on neurodegeneration that also happen to measure neuroinflammatory and/or oxidative stress 

markers. However, at the time of writing this thesis, there is a void in the literature that specifically 

addresses the topic of PBM’s effect on neurodegeneration-induced inflammation, therefore a 

systematic review and summary of the literature will offer insight. There have been several accounts 

and studies that have demonstrated a beneficial effect of PBM towards neuroinflammatory responses 

and oxidative stress. Several in vivo animal models and in vitro cellular models have been utilised in 

studies that measured the effect of PBM on neurodegeneration, neuroinflammation and oxidative 

stress (Cardoso et. al, 2020; Salehpour et. al., 2021) which will be discussed in greater detail below. 

 

In Vitro Studies 

PBM was shown to suppress inflammatory responses, as well as oxidative stress induced by amyloid 

beta particles in rat astrocytes (Bungart and Lee, 2012). Oxygen and glucose deprivation neurotoxicity 

was attenuated including neuroinflammatory signals such as iNOS, cyclo-oxygenase enzyme 2 (COX-2), 

nuclear factor kappa B (NFkB) subunit p65, and B-cell lymphoma 2 (Bcl-2) protein (Gerace et. al., 2021). 

An in vitro model of mesenchymal stem cells treated with PBM demonstrated a heightened capacity to 

mature into monocytes and phagocytose soluble Aβ particles (Oron and Oron, 2016). PBM reduced 

apoptosis in PC12 cells with AB25-35 induced neurotoxicity (Duan et. al., 2003; Zhang et. al., 2008; 

2012). PBM reduced inflammatory markers IL-1B & iNOS in rat cortical astrocyte cultures that received 

a toxic dose of amyloid beta particles (Bungart et. al., 2014).  

The use of PBM significantly reduced apoptosis in 3 types of cell cultures, Sh-SY5Y, PC12, and HEK293T, 

that had AB-induced neurotoxicity (Liang et. al., 2012). A similar study by Duggett and Chazot (2014) 

that used Cath.-a-differentiated (CAD) cells, which are a variant of a CNS catecholaminergic cell line 

established from a brain tumour in a transgenic mouse (Qi et. al., 1997), and the results demonstrated 

PBM also significantly decreased apoptosis, even in cells that received a high AB toxic dose of 3.5-25 

micromoles (uM). In a study that used primary astrocytes with a toxic dose of amyloid beta particles, 

PBM also suppressed markers of oxidative stress such as NADPH oxidase & phosphorylation of cPLA, 

whilst also inhibiting proinflammatory markers IL-1B & iNOS (Yang et. al., 2010). Therefore, through a 

variety of different cell cultures, and mostly AD in vitro models induced with AB particles, there’s a 

common indication of PBM suppressing inflammatory response and oxidative stress markers.  
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Animal Models In Vivo: 

Several studies have used a variety of Alzheimer’s Disease (AD) models to show a relationship between 

PBM, inflammatory and/or oxidative stress markers. For example, an APP transgenic mouse AD model 

demonstrated a decrease in brain inflammatory markers such as IL-1, TNF and transforming growth 

factor (TGF) in response to PBM treatment (De Taboada, 2011). A series of investigations of 

Purushothuman and colleagues (2014; 2015) used K3 mice to simulate AD and demonstrated PBM 

causing a significant reduction in oxidative stress markers, such as 8-OHDG and 4-HNE in the neocortex. 

Another AD model study by Lu and colleagues (2017) with amyloid beta-injected rats demonstrated 

several significant results on oxidative stress and inflammatory marker. There was an inhibition of 

oxidative markers such as G6PDH and NADPH oxidase, an enhanced antioxidant capacity, an inhibition 

of glial activation and a reduction of inflammatory cytokines in response to PBM treatment (Lu et. al., 

2017). The investigation by Blivet and colleagues (2018)  measured decreases in oxidative stress, shown 

as a reduction in lipid peroxidation levels; a reduction in inflammatory markers such as IL-1, TNF and IL-

6. A decrease in microglial activation was measured in response to PBM treatment of 5XFAD transgenic 

mice (Cho et. al., 2020), whereas the study by Blivet and colleagues measured astrocyte and microglial 

activities in a different way, and rather than reporting an increase or decrease in astrocyte and 

microglial activity, they reported a ”modification” of their activities. Studies have also included animal 

models of Parkinson’s disease, such as that of O’Brien and Austin (2019) which demonstrated PBM gave 

complete neuroprotection for rats treated with a 10ug dose of LPS, accompanied with motor behaviour 

improvement. Another study that treated monkeys with MPTP demonstrated that PBM effectively 

reduced MPTP-induced astrogliosis by about 75% as assessed by the measurement of active IBA1 

positive astrocytes (El Massri et. al., 2016a). Another animal model of Parkinson’s disease demonstrated 

a prevention of dopaminergic cell death, and although this abscopal effect wasn’t completely defined, 

Johnstone and colleagues (2014) hypothesised that this effect was associated with the potential 

upregulation of anti-inflammatory cytokines such as IL-4 and IL-10. The idea to conceive is that that 

these modifications aren’t as simple as PBM causing reductions and increases in the immune response.  

Rather, they are more complex interactions and combinations that assist the immune system in clearing 

toxins with increases in pro-inflammatory activity, complemented with the upreguation of anti-

inflammatory activity to prevent immune response overload. It’s also important to note that these 

papers offer a window into the relationship between PBM and neurodegeneration-induced 

inflammation, however a thorough systematic review is needed. 

 

Considering that neuroinflammation seems to be reduced in response to PBM, the next question we 

can ask is whether this change within neurodegenerative diseases can be quantified, and whether the 
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neurodegenerative conditions can be improved, as assessed by symptom reduction and with imaging. 

The literature is lacking thorough systematic reviews that directly address the relationship between 

PBM and the effect it has on neurodegeneration-induced neuroinflammation. Also missing from the 

literature is the mechanism of neuroinflammation modulation by PBM and specifically how these 

changes in activities shift the immune responses from inflammatory to anti-inflammatory. This is 

addressed in the  fifth chapter  in the form of a systematic review conducted by myself and my 

colleagues. 

 

5 Aims, rationale and outline of thesis 

The main aims of this thesis are three-fold: 

a. Does PBM have an effect on healthy human brain function? (Chapters 2 and 3). Using a transcranial 

approach, the aim was to examine if and how PBM influences the activity of the brain using fMRI. 

The key issue of the differences in effect in task-positive and task negative situations was explored. 

 

b. Does PBM have a beneficial effect on patients with Parkinson’s disease? (chapter 4) Using a 

transcranial approach again, the impact of PBM was explored on the major signs and symptoms on 

each patient. Observations were noted and recorded over long-term periods (months to years) on 

their motor signs and non-symptoms.  

 

c. Does PBM have an effect on neurodegeneration induced neuroinflammation and can this be a 

viable approach in the future for clinical treatments of a wide range of neurodegenerative diseases 

(chapter 5)? A systematic review was conducted to examine this key issue.  
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Chapter 2 

 

 

Exploring the effects of near infrared light on resting and evoked brain 
activity in humans using magnetic resonance imaging 
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Chapter 3 

 

 

Does photobiomodulation influence the resting state brain networks in 

humans? 
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Chapter 4 

 

The "buckets": the use of red and infrared light helmets   

in Parkinson's disease patients 
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Chapter 5 

 

A systematic review of the effect of photobiomodulation on the 
neuroinflammatory response in animal models of neurodegenerative 

diseases 
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Chapter 6: General Discussion  

The experimental chapters of this thesis explore four rather diverse aspects of the impact of PBM, 

from brain activity in young individuals to signs and symptoms in Parkinson’s disease, and to 

neuroinflammation in neurodegenerative disease. There are three key, unifying features of the 

findings of these chapters (Fig 6.1);  

1. That PBM can be viewed as an effective preventative treatment (all chapters)  

2. That PBM can have more of an effect on older, diseased brains (e.g. in neurodegenerative 

disease) than younger healthier ones mainly because there are more cellular and molecular 

targets for PBM to act upon (chapters 2, 3, 4 and 5)   

3. PBM can offer long term benefits for neurodegenerative disease (chapters 4 and 5)  

In the section that follows, the results of this thesis and those of others that support each of these 

key, unifying findings will be discussed in turn. This will be followed by an assessment of the limitations 

of the four chapters, together with consideration of future endeavours. In general, the findings of this 

thesis will help propel the field of PBM forward and assist in gaining it recognition as a therapeutic 

option for the treatment and prevention of neurodegenerative disease.  

6.1 PBM can be viewed as an effective preventative treatment 

  

Fig 6.1. A simplified, colour coded diagram of all the interactions between the published thesis chapters and 

the synthesised key findings of the thesis.  
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In each of the four experimental chapters of this thesis, there were indications that PBM may be 

viewed as a preventative treatment (Fig 6.2). 

In the fMRI studies (chapters 2 and 3), the results showed that PBM has beneficial effects on the brain 

circuitry and connectivity of young and healthy brains. In chapter 2, it was demonstrated that brain 

function was affected and perhaps even improved, as the DMN connectivity was lowered during a task 

that required a little more focus. This is an improvement because the DMN is responsible for resting 

brain states, during external goal-oriented tasks, the DMN needs to be switched off in order to 

improve performance (Fox et. al., 2005). In chapter 3, it was shown that PBM had no impact on resting 

state activity in brain connectivity signals and cerebral blood flow, suggesting that there needed to be 

some activity in order for PBM to be effective; one may view this finding as PBM being a treatment 

for an active brain, that there needs to be active neural circuitry in order for PBM to be effective. 

These results are supported by other studies that have demonstrated PBM boosting healthy brain 

functionality in different types of evoked activities, such as cognitive tasks, memory tasks, attention 

tasks, improved emotional states (Barrett and Gonzalez-Lima, 2013), executive function (Blanco et. 

al., 2017a), improved prefrontal rule-based learning, and increased learning related cognitive function 

(Blanco et. al., 2017b), attention and alertness are improved, cognitive function is enhanced, and delta 

power is decreased simultaneously (Jahan et. al., 2018), frontal brain functions, such as action 

selection, inhibition ability, and mental flexibility (Chan et. al., 2019). EEG studies have been 

conducted with relatively healthy ageing brains (Vargas et. al., 2017; Zomorrodi et. al., 2019) that, in 

contrast to the fMRI findings of chapter 2 and 3, showed a difference in resting states due to PBM, 

though this could be due to the high temporal resolution available with EEG. There have also been 

fMRI studies conducted with relatively aged or pathological brains, such as mild cognitive impairment 

(Vargas et. al., 2017), dementia brains (Chao, 2019), brain damage (Naeser et. al., 2019), stroke 

(Naeser et. al., 2020) or mild cognitive impairment (Baik et. al., 2021), such studies have demonstrated 

the PBM helps restore the balance of functional connectivity to “normal” levels, through adjusting ASL 

perfusion values and some DMN related connectivity, as well as restoration of behaviour measures, 

such as the ADAS-cog test, to resemble “normal” behavioural scores.  

Many previous studies have suggested that a key preventative treatment option for individuals is 

being cognitively active and using memory skills. In other words, a consistently active brain can be 

viewed as a "healthy brain" and healthier brains are less likely to suffer disease, later in life, in 

particular neurodegenerative disease such as Alzheimer's disease. Different types of studies such as 

epidemiological studies (Ott et. Al., 1999; Wilson et. Al., 2002), randomised clinical trials (Mohs et. al., 

1998; Ball et. al., 2002; Valenzuela et. al., 2009), and neurobiological studies using animal models 
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(Valenzuela et. al., 2003) have indicated that mentally active brains are better protected against 

neurodegenerative diseases (Gatz, 2005). Other preventative treatment options that have been 

suggested include controlling vascular risk factors, eating a balanced diet and exercising consistently 

(Ballard et. al., 2011; Nelson and Tabet 2015; Scheletens et. al., 2016; Crous-Bou et. al., 2017). In 

essence, if PBM improves brain function then it makes the brain healthier, rendering it less susceptible 

to dysfunction and disease.  

In chapter 4, a range of clinical improvements were observed in many of the patients with Parkinson's 

disease; in addition, there was no further decline in signs and symptoms evident in the patients. If we 

consider the writing analysis, which was a test of fine motor skills, each patient showed no 

deterioration of their writing over extended periods of up to twenty-four months; two of the patients 

experienced benefits of PBM within the first month of their treatment up to 24 months. This can be 

viewed as PBM potentially being preventative and slowing or arresting the disease progression. During 

this time, one would have expected some deterioration of fine motor skills in these patients and in 

the quality of their writing samples, also referred to as graphology (Fahn et. al., 2004; Burn et. al., 

2006; Maetzler et. al., 2009). These findings have been supported by several other clinical case report 

studies and small-scale clinical trials where many of the patients with Parkinson's disease had little or 

no worsening of their signs or symptoms during PBM treatment (Maloney et. al., 2010; Hamilton et. 

al., 2018a; Santos et. al., 2019; Liebert et. al., 2021). The lack of deterioration in the signs and 

symptoms of the patients (in particular the graphology) suggests that PBM offered protection to the 

brain cells. If there is protection to the cells, then the cells can be considered to be healthier, and the 

presence of healthier cells can prevent any further disease, hence by that line of reasoning offering 

prevention.  
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Fig 6.2. A simplified diagram of all the chapters intersecting together to contribute to the main finding. Chapters 

include fMRI studies on healthy young brains (chapter 2 and 3), case studies with patients that have 

neurodegenerative disease (chapter 4), and a systematic review of the interaction between PBM (chapter 5), 

neurodegenerative disease and neuroinflammation. The collection of findings shows a promising avenue for 

PBM as a preventative treatment. 

 

In chapter 5, the systematic review that explored the effect of PBM on neurodegeneration-induced 

neuroinflammation, there were many animal studies that have reported that if PBM was applied 

before the onset, or even during the course of the disease, then less inflammation and 

neurodegeneration in the brain. For example, studies using MPTP-treated mice and monkeys, 6-

OHDA-lesioned rats, α-synuclein AAV virus-treated rats, and the transgenic mouse model of K369I for 

Parkinson’s disease (Shaw et. al., 2010; Peoples et. al., 2012; Moro et. al., 2013, 2014; 2016; Reinhart 

et. al., 2014, 2015, 2016, 2017; El Massri et. al., 2016a, 2016b, 2017, 2018; Darlot et. al., 2016; San 

Miguel et. al., 2019), and studies with amyloid precursor protein/presenilin 1 (APP/PS1) transgenic 

models, double transgenic TASTPM models, CD1 model, and the tau K369I transgenic models of 

Alzheimer’s disease (Michalikova et. al., 2008; De Taboada et. al., 2011; Grillo et. al., 2013; 

Purushothuman et. al., 2014, 2015; Saltmarche et. al., 2017) have all demonstrated neuroprotection 

and indicated less inflammation using this pre- or simultaneous treatment approach.   
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6.2 PBM has more beneficial effects on older brains, particularly those suffering 

neurodegenerative disease, than in younger brains, potentially as there are more targets. 

 

Fig 6.3. A simplified diagram of 4 chapters intersecting together to contribute to the second finding. 

Chapters include fMRI studies on healthy young brains (chapter 2 and 3), a case study on PD patients 

(chapter 4) and a systematic review of the interaction between PBM, neurodegenerative disease and 

neuroinflammation (chapter 5). The collection of findings suggests that PBM has potentially more beneficial 

effects on the older brains, particularly those suffering neurodegenerative disease, than in younger brains, 

indicating there may be more targets of PBM in older and diseased brains. 

 

 

In chapters 2 and 3 of this thesis, it was shown that PBM had an effect on the BOLD connectivities of 

young healthy brains while they were engaged in a functional activity, namely finger-tapping; no effect 

was found on the activity of these brains while at rest. In contrast, previous studies - using older 

individuals or those suffering neurodegenerative disease - have reported that photobiomodulation 

does have an effect of functional activity while at rest (Vargas et. al., 2017; Chao, 2019; Naeser et. al., 

2019, 2020; Baik et. al., 2021). This key difference may be reflective of the fact that older brains, 

together with those suffering neurodegenerative disease, have considerably more 

neuroinflammation, oxidative stress and mitochondrial dysfunction, than younger healthier brains. In 

essence, there appears to be more “targets” for PBM to act upon, resulting in considerably more 

beneficial outcomes. In this context, the wide range of beneficial outcomes evident in the Parkinson’s 

disease patients with PBM treatment in the Buckets study (chapter 4) support this hypothesis. One 

could speculate that if the study was conducted on normal healthy individuals, notable improvements 
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in issues such as anxiety and fatigue, which are a part of many “normal” people’s lives, may not have 

been as marked. 

“Targets” for PBM exist in both healthy and diseased cells, and for the purpose of this thesis, the word 

“target” can take the form of a range of measurable variables within the brain. It can refer to signs, 

symptoms and markers of neurodegenerative disease that can be subject to change and hence change 

the functionality of the brain. In a healthy brain context, targets can represent functional tasks, for 

example performance in finger-tapping, cognitive memory tasks, and handwriting tasks, as well as 

circuitry deviations in an ageing but otherwise “healthy” brain. In a healthy brain, we expect these 

“targets” to show an increase in functional activity influenced by PBM.  Whereas in an aged or diseased 

brain environment “targets” can also include, but are not limited to, markers of neuroinflammation 

such as inflammatory cytokines, oxidative stress markers (e.g., ROS), mitochondrial dysfunction, 

neuronal cell death, and signature molecules found in neurodegenerative diseases, such as AB plaques 

and tau tangles in AD, alpha-synuclein bodies in PD and Lewy body dementia, furthermore, targets 

can also include clinical signs and symptoms of neurodegenerative diseases measured by cognitive 

and physical tests, such as ADAS-cog scores, stiffness, number of lockouts, handwriting, and tremors. 

As a caveat, the ageing brain is not necessarily a so-called “healthy circuitry”, as there is often 

considerable mitochondrial dysfunction, inflammation and loss of grey matter evident, though not as 

prevalent as brains with neurodegenerative diseases (Sparkman and Johnson, 2008; Hafkemeijer et. 

al., 2014; Porcher et. at. al., 2021). However, the ageing brain can offer a sub-pathological baseline, 

as they do house much uncleared waste and inflammation products from the mitochondria, although 

these dysfunctions have not reached the levels of neurodegenerative disease. Many, if not all of these 

cellular abnormalities and pathological signatures have been shown to be improved after application 

of photobiomodulation in a range of animal models of neurodegenerative disease and of ageing 

(Michalikova et. al., 2008; Shaw et. al., 2010; Gonzalez-Lima and Barret, 2014; Hamblin, 2016; El Massri 

et. al., 2018; Yang et. al., 2021, 2022; dos Santos Cardoso et. al., 2021). In essence, there needs to be 

a cellular process to be occurring, whether it be functional activity or dysfunction and pathology, in 

order for PBM to work. For a healthy brain at rest, there is little functional activity and no dysfunction 

and pathology and hence PBM is largely ineffective; there is little work to be done. However, while 

engaged in a task that requires focus and attention, the deactivation of the Default Mode Network 

(DMN) by PBM indicates an effect that assists the brain even more in focusing on the task at hand 

(chapters 2 and 3). For a diseased brain that is in the process of enduring neuroinflammation, oxidative 

stress and/or disease-induced cellular death, PBM may function to correct any dysfunction and 

pathology by stimulating the cellular processes associated with cell survival; in other words, PBM, tries 
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to fix the problem, and the measurable clinical benefits aren’t restricted to molecular markers, motor 

or non-motor signs and symptoms, but rather an overall effect (chapter 4).   

These findings are mirrored in the animal model studies of the systemic review in chapter 5. 

Diseased animal brains showed significant benefits of PBM accompanied with measurements of 

targets returning to baseline. However, in the healthy animal controls that were treated with PBM 

compared to ones that were not treated with PBM, results showed that there were no significant 

differences , such as markers of apoptosis, neuroinflammation, and cognitive behavioural tests, as 

seen in the study by Yang and colleagues (2022). This supports the notion that diseased brains have 

more targets for PBM to act upon compared to healthy brains. 

It is also important to note that neuroinflammation is not necessarily restricted to ageing and 

neurodegenerative diseases (Moore et. al., 2010; Hanna et. al., 2022). Sometimes in healthy young 

brains, certain variables may come together temporarily to create an acute inflammation in the 

brain. For example, in a study of young heathy adult brains, neuroinflammatory markers were 

discovered during stressful contexts such as the covid-19 pandemic (Brusaferri et. al., 2022) and 

general social stresses driving higher levels of interleukin 1 (DiSabato et. al., 2020) and microglial 

activation (Calcia et. al., 2016). In these instances - with an increase in targets, PBM may be effective 

in younger brains, helping to reduce inflammation and neuronal survival.  

For there to be beneficial effects on both healthy and diseased cells, it seems that PBM, via its direct 

and indirect  mechanisms of cells. PBM stimulates mitochondria to produce additional ATP energy to 

carry out normal functions Additionally, the brief and normal burst of ROS initiated by this process 

can encourage the cells to release antioxidant enzymes that have a clean-up effect (Kumar et. al., 

2019; Fig 6.4), together with the production of many neuroprotective and anti-inflammatory 

transcription factors and the downregulation of pro-inflammatory transcription factors (Muili et. al., 

2012; Hennessy and Hamblin, 2017; da Rocha et. al., 2021). Further, it has been demonstrated that 

ROS were increased by PBM in healthy cells, while in stressed or diseased cells, the influence of PBM 

was to reduce ROS levels (Huang et. al., 2013).  

This key finding (key finding 2, Fig 6.3), that PBM has more beneficial effects on older brains 

compared to healthier brains because there are potentially more targets, contributes to the first key 

finding that supports the prospect of PBM as a preventative treatment as improvement of 

functionality means improvement of the efficiency of brain processes in the wake of the constant 

neuronal maintenance and upkeep required to keep the brain healthy and optimal. As an analogy, 

picture an extremely dirty floor (diseased cells) and a mop (PBM) vs. a moderately clean floor 

(normal cells with normal amounts of waste) and a mop (PBM). The mop is going to make a much 
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more visible difference to the dirty floor, but the moderately clean floor can still benefit from the 

mop (Fig 6.4). 

 

Fig 6.4. A schematic diagram comparing the difference between targets for PBM in healthy brains compared 

to neurodegenerative brains. “Targets” are variables that can change functionality in the brain – they can be 

functional tasks, clinical signs and symptoms that are cognitive or motor, as well as markers of pathogens, 

cellular damage, inflammatory cytokines, or signature proteins specific to neurodegenerative diseases. 

 

6.3 Photobiomodulation offers long-term benefits for neurodegenerative disease 

 

Fig 6.5. A simplified diagram of 2 chapters intersecting together to contribute to the third finding. Chapters 

include cases studies of patients with neurodegenerative conditions (chapter 4) and a systematic review of 

the interaction between PBM, neurodegenerative disease and neuroinflammation. The collection of findings 

suggests that PBM offers long term benefits for neurodegenerative disease. 
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Regardless of wide range of  dosage protocols and wavelengths, the findings in chapter 4 of this thesis 

showed that PBM can have a long-lasting effect on human participants with neurodegenerative 

disease (Fig 6.5); whilst chapter 5 showed many previous studies on animal models of AD and PD have 

shown similar findings of long-term PBM effects. Such long-lasting results have been reported with 

the use of a range of different wavelengths, irradiance, fluence and length of treatment. In terms of 

length of treatment, anything starting at 1 month up to 24 months have all showed a retainment of 

benefits. 

From the Buckets study (chapter 4), many of the patients were still reporting improvements in signs 

and symptoms up to 24 months after starting. An interesting observation is that with the patients 

aged 63 years and under who started their treatment earlier on in the timeline, within a year of their 

diagnosis, had a quicker response time to PBM treatment, shown through a reduction of signs and 

symptoms, within just weeks. By contrast, patients aged 70+ years who had been diagnosed with 

Parkinson’s Disease for more than a decade, only showed improvements in clinical signs and 

symptoms after 8 months of treatment (Chapter 4). While this is a small study group, it does suggest 

that an earlier intervention and younger patients results in quicker response to PBM and improvement 

of symptoms. A further interesting feature of this study in chapter 4, is that even after such a long 

period of use – that is 24 months in one case – there was little or no decline in impact and no side 

effects, further highlighting the fact that photobiomodulation treatment is entirely safe to use on 

human subjects 

There are many examples of similar long-lasting effects by photobiomodulation in previous studies 

using human subjects (Fig 6.6). A study with 8 participants diagnosed with dementia utilised the 

Vielight Neurogamma device at 810nm for 20 minutes 3 days a week (Chao et. al., 2019). In this 12-

week study, benefits of PBM were measured 3 months after baseline indicating that PBM significantly 

improved Alzheimer’s Disease Assessment Scale cognitive (ADAS-cog) and Neuropsychiatric Inventory 

(NPI) scores, as well as increased cerebral perfusion and increased functional connectivity. Other 

clinical studies, mainly on Parkinson’s disease patients, have been conducted with a remote PBM 

protocol (i.e., exposing on distant body parts, such as the abdomen and microbiome) and results 

showed improvements in signs and symptoms lasting up to 45 weeks with continued treatment during 

a covid lockdown period throughout 2021 (Liebert et. al., 2021; 2022) and an improvement in the 

profile of the microbiomes themselves (Bicknell et. al., 2022). Further, in a study using patients 

suffering depression and anxiety, it was shown that a single photobiomodulation treatment to the 

forehead can result in improvements in depression and anxiety scores and in regional cerebral blood 
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flow up to 2 weeks post-treatment (Schiffer et. al., 2009). Another study used an 8-week protocol and 

a total of 16 PBM treatments transcranial to participants who had moderate scores of depression, and 

their Hamilton Scale of Depression (HAM-D) scores significantly decreased and showed subjective 

improvements (Cassano et. al., 2022). 

As with the human studies, there are many examples of long-lasting effects in animal models. For 

example, in a non-human primate model of Parkinson’s disease, a brief five-day period of 

photobiomodulation treatment (using an intracranial device) resulted in beneficial outcomes – both 

behavioural and neuroprotective – up to a month thereafter (Darlot et. al., 2016). Further, there are 

several studies in animal models of Alzheimer’s disease that also demonstrated the long-term benefits 

of PBM. For example, Cho and colleagues (2018) demonstrated reduced anxiety-like behaviour on the 

elevated plus maze test, as well as improvements in long term and spatial memory in the Morris Water 

Maze test sustained over 14 weeks. Cho and colleagues (2018) also noted that these benefits lasted 

in the mice that started PBM at 2 months of age, compared to those that started treatment at 6 

months of age, which supports the idea of earlier PBM intervention having a greater turnaround. Yang 

and colleagues also demonstrated longer term benefits of PBM, such as 8 months (Yang et. al., 2021) 

and 16 months (Yang et. al., 2022) in a transgenic rat model of Alzheimer’s disease. These lengths of 

time are particularly noteworthy considering the relatively short lifespan of rodents.  

 

At this point, one should consider the mechanism behind such a long-lasting and consistent 

phenomenon. As discussed in chapter 1, photobiomodulation has a key influence on mitochondrial 

function, resulting in the production of more ATP energy to drive cell function. This energy-boost is 

considered to be short-term however, lasting a matter of minutes (Hamblin 2016; Wang et. A l., 2016). 

The photobiomodulation impact does however lead to a small increase in reactive oxygen species 

(ROS) levels, that then regulates the expression of various genes such as NF-kB, NRF2 and PI3K/Akt 

(Song et. al., 2012; Zhang et. al., 2016), jak/stat signalling pathways (Leyane et. al., 2021), and CXC 

chemokine receptor 4 genes (Ganeshan et. al., 2019) that are associated with modulation of chronic 

inflammation. Activation of these pathways can lead to changes in functional activity and 

neuroprotection for long-lasting periods. Another factor to consider which contributes to the long-

lasting effects of PBM is the stimulation of neurogenesis in animal models (Wu et. al., 2021) and in 

humans (Cassano et. al., 2016).   
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In summary, this long-lasting feature is exciting because it supports the notion of PBM being an 

effective and consistent treatment option for neurodegenerative disease. Most PBM treatment 

protocols within the wavelength ranges of 600 - 680nm and 800 - 1070nm, for dosage protocols 

between 6 mins to 30 minutes per day can have long lasting effects that can extend up to 24 months. 

 

 

Fig 6.6. A diagram of the varying dosages and treatment protocols for PBM such as wavelength (x axis) and 

length of time in months that long term effects were measured over (y axis). 

 

 

6.4 Strengths and limitations of experimental designs 

 

In this thesis the experimental designs of the individual chapters, when taken together, had certain 

strengths that offered a good foundational basis for further studies and clinical trials on the effect of 

PBM on the human brain, especially for treatment of the neurodegenerative diseases, such as 
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Alzheimer’s and Parkinson’s disease. There were also some limitations that could be improved upon 

in future studies. 

 

For the fMRI studies on healthy human brains (chapters 2 and 3), there were strengths such as 

sufficient sample size (20 participants) to measure and statistically analyse a genuine PBM effect on 

brain function and connectivity. Further, the use of an fMRI machine – which presented a rare and 

wonderful opportunity - offered accurate spatial resolution to determine exactly which areas of the 

brain are influenced by PBM.  

 

There were also some limitations to the experimental designs of these chapters. For example, the 

PBM device was not compatible with the MRI machine. Hence, measurements of resting state 

connectivity, frequency and cerebral blood flow could not be obtained simultaneously, during the 

PBM treatment; measurements were possible only before and shortly after the treatment had been 

applied. A live measure could have provided a different set of results. Another limitation to consider 

is that the studies were not double blinded when assigning a participant to the treatment or sham 

group, only participants were blinded but not the administrator of the PBM treatment. 

 

For the Buckets study (chapter 4), the clear strength of the study was that it presented a series of 

observations – largely objective – on the effect of novel transcranial PBM devices, with wavelengths 

of 660nm, 670nm, 810, and 850nm on the signs and symptoms of Parkinson’s disease patients over 

long-periods of time, this included graphology measurements. Further, the medical practitioners 

overseeing the study knew the patients very well and were able to offer rare insights into their 

progress. Overall, this series of case studies was novel at the time and provided a solid foundation for 

a large-scale placebo-controlled clinical trial. The clear limitation of this chapter was there was a lack 

of control group. In addition, the small size of the study, and the diversity of PBM protocols does not 

provide enough basis for statistical analysis. Future studies with larger group sizes – together with 

controls using a placebo helmet device - may allow us to identify whether there is a statistically 

significant correlation between earlier PBM treatment and quicker response.  

 

The systematic review addressing the benefits of PBM on neuroinflammation in neurodegenerative 

models (chapter 5) had strengths in its design. For example, the search methods were registered in 
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PROSPERO and the criteria for selection were strict to ensure the most valid studies were included. 

Every step throughout the data acquisition process was reproduced by two researchers 

independently. The study provides for a solid reference point for researchers exploring the effect of 

PBM on neuroinflammation in neurodegenerative disease. However, there were limitations with the 

systematic review. For example, non-English literature was not included hence some key studies may 

have been missed out. Further, the strict screening procedure also resulted in many case studies being 

omitted. Finally, the assessment of the study’s overall risk of bias was moderate based on the SYRCLE 

risk of bias tool derived from human guideline studies.  

 

6.5 Future applications and considerations  

When considering future applications to propel the research forward, physical and genetic factors  

influence effectiveness of treatment and dosimetry. Additionally, improvements of experimental 

design, including increasing sample sizes and length of studies will expand the research.  

In terms of PBM effectiveness, it is important to consider that photoacceptors, like all other cellular 

molecules and structures are genetically coded. Individuals may have different photoacceptors that 

have higher affinities for different wavelengths. For example, it has been determined that there are 

polymorphic variations of cytochrome c oxidase (CcO) that can result in functional variations (Lu et. 

al., 2010). However, there is very little information about how different genetic variations of CcO and 

other photoacceptors influence an individual’s responsiveness to PBM. Future applications can 

include studies that sequence for individual participants’ photoacceptor types so that PBM treatment 

protocols can be optimised. For example, future studies that measure the benefits of PBM might 

include RNA sequencing for the photoacceptors after different treatment protocols. Despite the 

consistent effect of PBM with varying dosages, some individuals in the case studies have shown 

quicker and more dramatic effects, while other individuals take a longer time to accumulate enough 

measurable benefits of PBM (chapter 4). In addition, it would be worthwhile to investigate the 

difference between the results of ongoing PBM treatments over a continuous period compared to one 

off treatments, as there has been documentation of long-term effects from ongoing treatments 

(Liebert et. al., 2021, 2022) as well as one off treatments (Schiffer et. al., 2009). 

Physical factors for dosimetry also need to be taken into consideration for future applications. For 

example, there are several different treatment protocols that have yielded positive responses to PBM. 

However, there may still be a gold standard to the dosimetry parameters. For example, a study found 

that the optimal wavelength range of brain penetration was 1000-1100nm (Yaroslavsky et. al., 2002) 
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while other shorter wavelengths did not necessarily penetrate very deeply into the cranium and brain 

(Jagdeo et. al., 2012). Penetration is only one variable that contributes to the optimal dosimetry of 

PBM, especially when considering things like abscopal effects and the minimum power density 

required for the brain to experience any biological effect (e.g., Hamblin, 2016). Alongside the 

mentioned parameters, studies that more closely compare the modes of operation of PBM, for 

example laser vs LED PBM treatment protocols, and a deeper investigation on the difference of 

outcomes when using continuous vs. pulsed waves of different frequencies (10Hz or 40Hz) need to be 

explored. There is currently a shortage of studies that accurately compare the different modes of 

operation, and there is no verdict to whether pulsed or continuous delivery is the most effective. 

Further advances in dosimetry include the use of the Monte Carlo simulator to determine optimal 

dose of PBM. The Yaroslavsky study compared the simulator to in vivo tests and found different 

optimal levels depending on the mode of treatment. For example, a different dose needed for intra-

oral PBM compared to extra-oral treatment (Yaroslavsky et. al., 2021). This type of research recognises 

that there may be different gold standards depending on the targets for treatment. There are also 

varieties in physical application of the PBM, such as helmet devices, some that are specifically 

manufactured, such as Vielight (www.vielight.com) and the Wellred Coronet 

(https://wellred.com.au/the-coronet). These helmets have a transcranial delivery, while others have 

intranasal, and others still have protocols that required multiple body regions to be irradiated 

(chapters 2, 3, 4). A systematic review by Cassano and colleagues (2022) established that the greater 

the PBM dose and frequency, the better effects measured on depression and anxiety symptoms 

without PBM-induced adverse effects. Further, several animal models also included intracranial 

placement of the PBM devices (chapter 5). A small-scale clinical trial is underway currently testing the 

efficacy of the intracranial device in human patients (Clinatec, Grenoble). Further investigations can 

help maximise general PBM dosimetry protocols, however, these investigations may also open up the 

avenue for customised treatments that are tailored to individuals depending on the protocols they 

are most responsive to.  

Additional improvements in experimental design for future research need to include more 

longitudinal studies of sufficient length, with both healthy  and elderly individuals, including those  

with mild cognitive decline or suffering neurodegenerative disease. If these studies are designed in a 

comparable way, then the difference between PBM on healthy versus older and neurodegenerative 

brains can be more clearly understood and therefore, the preventative potential of PBM can be better 

defined. Further improvements in experimental design can include larger sample sizes for clinical trials 

that measure the effect of PBM on clinical signs and symptoms of Alzheimer’s and Parkinson’s disease 
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patients. With a larger sample size, there can be a statistical analysis of the relationship between age 

of patient and early PBM intervention to determine the effectiveness and response time to PBM .  

 

6.6 Conclusions 

The results of the thesis have provided a foundation for the concept that PBM can be viewed as an 

effective therapeutic treatment for neurodegenerative disease. This general concept is supported by 

key findings that have supported the notion that PBM can be viewed as a preventative treatment and 

that it has a more beneficial effect when used in older and/or diseased brains compared to younger, 

healthier ones. This concept (see above) is becoming more established as the sets of results from the 

thesis chapters have indicated that there are more cellular and molecular targets for PBM to act upon 

in a diseased state. To further investigate the basis for PBM as a preventative treatment against 

neurodegeneration, results from this thesis have indicated that PBM has the capacity to also offer long 

term benefits for neurodegenerative diseases. Whilst the experimental designs in every chapter have 

limitations, they  add to the compilation of knowledge of effects of PBM on the brain and offer a solid 

template of the concepts. These chapters also provide a framework for improved future studies to 

further support the key findings of photobiomodulation as a viable therapeutic treatment, particularly 

for neurogenerative disease.  
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