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ABSTRACT 
Background. Infectivity, genomic variability, and symptomatic diversity 
of the SARS-CoV-2 virus represents a persistent challenge in the 
treatment of acute and long COVID-19 diseases. A direct consequence 
of pervasive ACE-2 receptors susceptible to the virion’s spike protein, 
disease trajectories commence as upper respiratory infection migrating 
into bronchia (presenting coughing, dyspnea, and fever), followed by 
viremic infection and circulatory distress from inflammation of visceral 
epithelium and vascular endothelia, decreased blood perfusion, and 
hypoxia. Severe cases include hyperinflammation, cytokine storms, and 
multisystem inflammatory syndrome with lung and nerve damage, and 
chronic cognitive deficits.  
Method. This paper (Part I) considers the requirements for treating acute 
and chronic COVID-19 with deep-tissue photobiomodulation (PBM) of 
sinuses, lungs and other ACE-2 populated organs using transdermal and 
transcranial light as a primary therapeutic modality.  
Analysis. A detailed analysis of optics, biophysics, numerical simulations, 
and quantum photochemistry for non-invasive deep tissue PBM of SARS-
CoV-2 infected organs was performed including optical design, 
photonic control, irradiance, fluence, modulation, and protocols.  
Results. Analysis confirms 3D bendable LED pads deliver uniform light 
fluences into deep tissue and organs compatible with transdermal PBM 
treatment of whole-organ infections of the lungs, sinuses, abdominal 
cavity; and with transcranial PBM of neurological long-COVID. Robotic 
laser scanning represents another viable option for deep-tissue PBM 
provided the optical angle of incidence is minimal. Penetration depth 
depends on wavelength (not optical power) with red (635nm) and NIR 
(850nm) shown to adequately penetrate through cutaneious tissue and 
parietal fascia into viscera. 
Conclusions. Red and NIR LEDs with average pulsed irradiances of 8.5 
and 13.5 mW/cm2 respectively deliver hands-free whole-organ deep-
tissue doses of between 0.5 to 4.0 J/cm2 in 60 min sessions from a 

surface dose of P/A = 40 J/cm2 depending on tissue transmission 

coefficients x at depth x>6mm. The designed photonic PBM system 
performs algorithmic variable frequency pulsed protocols covering up 
to 1,200 cm2. Duty factor control limits skin temperatures below 43°C 
irrespective of pulse modulating frequency. A mechanistic model for 
deep-tissue PBM, phenomenologically consistent with biophysics, photon 
penetration studies, COVID disease trajectories, and patient recovery 
profiles is presented. Part II details various acute and chronic case 
studies and positive outcomes thereof confirming PBM as a efficacious 
modality for COVID-19.  
Keywords: photobiomodulation, COVID-19, long COVID, deep-tissue, 
penetration depth, photon energy, red/NIR wavelength, quantum 
photochemistry, pulse modulation, fluence model 
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The COVID-19 Pandemic & Beyond Epidemiology 
COVID-19, an acronym for corona viral 

disease 2019, represents the first truly global 
pandemic to occur in over a century. Not since the 
H1N1 bird flu of 19181 has a disease so 
profoundly affected public health, global 
commerce, and life expectancy 2,3,4,5. First reported 
in 2020 as a severe respiratory infection on 
unknown origin, the discovery confounded health 
officials as to the cause, mode of transmission, 
incubation time, and infectivity. Research 
commenced apace to isolate and identify the 
pathogen. 

Genetic sequencing soon revealed the 
culprit as a coronavirus of taxonomy within the 
family Coronaviridae. Genetically distinct from 
SARS-CoV and MERS-CoV viral genomes (the 
viruses responsible for severe acute respiratory 
syndrome of 2003 and the Middle Eastern 
Respiratory Syndrome of 2012), the new virus was 
named SARS-CoV-2 to distinguish it over its 
antecedents. Although less lethal than its 
predecessors, human-to-human transmissibility 
enabled the SARS-CoV-2 virus to spread largely 
unchecked. Its associated disease called COVID-19, 
was found to be particularly lethal in patients with 
comorbidities (such as immunocompromised 
individuals) and in aged populations. Outbreaks in 
senior care facilities had dire consequences.  

Because at the time of its emergence, no 
accurate tests or targeted treatments existed, only 
severely ill patients were admitted into hospitals. 
Individuals with milder symptoms of the disease 
were essentially left to fare for themselves, 
representing an untreated undiagnosed subset of 
the early infected population. By July 2020 when 
testing finally became widely available, it was too-
little too-late to contain the outbreak 6. Prompted 
by the looming public health crisis, in an abundance 
of caution world governments decided to invoke 
draconian short-term travel bans, lockdowns, and 
quarantines in a latch ditch effort to “slow the 
spread” 7. 

As weeks turned into months, the 
commercial impact of extended shutdowns had 
unintended consequences – layoffs, job losses, 
bankruptcies, in turn precipitating a mental health 
crisis of job loss and personal financial stress 
coupled with isolation from friends and family. 
Cases ranged from depression and substance 
abuse to anxiety disorders and suicide 8, 9. Through 
school closures, lockdowns caused emotional and 
learning deficits in adolescents 10. Health care 
availability also suffered. Short staffed, hospitals 
were forced to focus on COVID care at the 
exclusion of other services while small private clinics, 

unable to adequately manage infection risks, 
remained shuttered. The pandemic’s long-term 
impact on public health caused by postponing 
elective surgeries, checkups, and priority medical 
procedures (such as cancer therapy) 11, 12 is not 
known.  

Despite all these actions, the first global 
wave of COVID-19 was quite deadly, 
disproportionately targeting seniors in care 
facilities and those with preexisting medical 
conditions. Viral variants soon emerged further 
complicating the challenge of sustaining the efficacy 
of COVID vaccines and therapeutics. Because of 
varied global reporting and testing standards, a 
truly accurate assessment of the virulence and 
lethality of COVID-19 may never be known. For 
example, during the early pandemic, the number of 
COVID-19 cases and deaths were likely 
underreported, wrongly attributed to influenza and 
seasonal illness. After adopting widespread testing, 
mortality from COVID-19 became conflated by test 
statistics, i.e. unrelated deaths of patients with 
COVID were recorded as deaths resulting from 
COVID. 

To best estimates, according to the World 
Health Organization 13 as of February 2023 a total 
of nearly 750 million cases of COVID-19 have been 
confirmed with the death toll approaching 7 million, 
or approximately 0.9% mortality rate. Accounting 
for unreported deaths, other estimates 14 place the 
cumulative deaths of COVID-19 at 18 million with 
a mortality rate of 2.4%. Despite the tragedy of 
COVID-19, the bird flu pandemic of 1918 was 
worse with over 500 million people infected and 50 
million dead (a 10% mortality rate).  

As we now enter COVID’s fourth year, 
discussions turn toward transitioning from a 
pandemic into an endemic phase 15. And while the 
acute COVID-19 case load subsides, the new 
challenge of “long COVID” (the residual effects of 
SAR-CoV-2 infections) has emerged. The diverse 
presentations of long COVID are especially 
problematic for conventional pharmacology as the 
disease affects multiple organs and physiological 
systems in disparate ways 16. A growing number of 
physicians have turned to photobiomodulation as an 
adjunct to post COVID standard care as the 
therapeutic mechanisms of light are not limited to 
specific organs or viral phenotypes.  

 
Viral Phylogenetics 

Coronaviruses are enveloped positive-
stranded RNA viral pathogens able to cross among 
animal species, seven of which are known to infect 
humans. Three coronaviruses, specifically SARS-
CoV-1 (also as SARS-CoV), MERS-CoV, and SARS-
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CoV-2 (with corresponding diseases SARS, MERS, 
and COVID-19) are capable of causing severe 
illness and death in humans. Genetic and 
epidemiologic investigations indicate most human 
coronaviral infections to be zoonotic in origin. SARS-
CoV-1 spilled over from masked palm civets 
infected by bats 17. MERS-CoV passed from bats to 
camels to humans 18. The origin of SARS-CoV-2 is 
less certain 19, 20.  

Although, the SARS-CoV-2 virus sequence is 
96% identical to the bat coronavirus RaTG13, to 
date, no natural animal reservoirs of SARS-CoV-2 
have been found in the wild 21. RNA sequencing 
suggests the pathogen comprises a new genomic 
sequence of unknown origin hypothetically a 
recombinant of a bat coronavirus emerging in an 
unknown intermediate host 22. Regardless of its 
genetic origins, what is known is the virus in 
transmissible from animal-to-human (zoonosis), from 
human-to-animal (reverse zoonosis) 23, and from 
human-to-human (contagion). Direct human 
transmission distinguishes SARS-CoV-2 from other 
coronaviruses.  

Curiously transspecies transmission of 
SARS-CoV-2 is species dependent, with some 
mammals (tigers, lions, minks and ferrets) 
significantly more susceptible to infection than 
others. Studies reveal COVID-19 susceptibility is 
associated with mammals expressing a 
preponderance of ACE-2 receptors in both the 
upper and lower respiratory tract. Animals lacking 
the receptor (such as most livestock) are unlikely to 
be infected or to serve as intermediate hosts for 
coronavirus infection or evolution 24, 25. The ACE-2 
receptor is also recognized for its significant role in 
person-to-person transmission as the primary 
attachment point for the virion’s spike protein. As 
such, the distribution of ACE-2 receptors by tissue 
type is useful for correlating disease symptoms to 
the organs affected, and insightful in designing 
pharmacological and photobiomodulation therap-
eutic strategies 26, 27.  

The dominant mode of SAR-CoV-2 
transmission is inhalation of room air carrying fine 
droplets and aerosol particles containing the 
infectious virus 28. This form of exposure is most 
pronounced in close proximity to infected persons 
actively shedding the virus (i.e. within 2 meters). 
Aerosol transmission can also occur in enclosed 
spaces with inadequate ventilation, especially in 
densely-populated rooms and for extended 
duration exposures (over 15 minutes). Larger 
droplets, too heavy to float in the air for extended 
periods, may still be spread by coughing or 
sneezing (so called splashes and sprays). If inhaled, 
these viral laden droplets attach to mucosal airway 

epithelial cells (AEC) of the sinuses. Yet another 
mode of transmission involves contacting infected 
tissue or surfaces then transferring the virus to the 
nose, face, or eyes. This indirect transmission is less 
prevalent on surfaces exposed to sunlight, where 
ultraviolet light (especially UV-C) rapidly degrades 
the virus, interfering with its ability to invade a host 
cell or to replicate. Violet (403 nm) light is also 
found to degrade the viability of the virus. Neither 
UV or violet light, however, are able to penetrate 
into deep tissue and therefore are not candidates 
for PBM modalities. 

 
COVID-19 Pathophysiology 

Viral Entry. Coronavirus infection of a host 
occurs via a viral spike protein contacting a target 

host cell membrane. In the case of SARS‐CoV‐2, 
viral entry involves two component spike proteins – 
subunit S1 responsible for bonding to a suitable 
receptor, and subunit S2 facilitating pore formation 
and viral fusion with the cell membrane, a 
biochemical reaction catalyzed by the endogenous 
protease TMPRSS2 aka transmembrane protease 
serine 2 29. The process of viral attachment is not a 
“targeted” attack persé, but involves a high-affinity 
interaction between structurally complementary 
receptors present on the viral capsid’s S1 spike 
protein and on the host cell membrane. Attachment 
affinity is not precisely deterministic, but statistical, 
with some conforming matches more likely to result 
in viral entry and cellular infection than others. One 

such receptor particularly susceptible to SARS‐CoV‐
2 attachment is the ACE-2 protein. 

Present in both membrane and circulating 
soluble forms, the catalytic proteins mACE-2 and 
sACE-2 are highly ubiquitous, located throughout 
organs and vascularization in humans and other 
mammalian species. An acronym for angiotensin-
converting enzyme 2, ACE-2 is a zinc 
metalloenzyme and carboxypeptidase. ACE-2 
functions as a integral component of the renin–
angiotensin–aldosterone system (RAAS) facilitating 
homeostatic regulation of blood pressure 30, 31. 
Circulating soluble ACE-2 lowers blood pressure by 
catalyzing the hydrolysis of angiotensin II (a 
vasoconstrictor peptide) into angiotensin (a 
vasodilator) by attaching to MasR, a G protein-
coupled receptor (GPCR) present in endothelium, 
locally regulating vasodilation 32. ACE-1 is the 
antagonist for ACE-2 responsible for 
vasoconstriction, counterbalancing the vasodilative 
effects of ACE-2 activation. 

Countless studies confirm the role of ACE-2 
as the predominant (but not exclusive) viral entry 
site for both SARS-CoV-1 and SARS-CoV-2 
infections in humans 33, 34, 35, 36. Located throughout 
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the body and across different physiological systems, 
the broad distribution of ACE-2 receptors bestows 
upon SARS-CoV-2 its unfortunate ability to infect 
(and affect) multiple organs, thereby enabling 
COVID-19 to manifest a wide range of disparate 
clinical presentations.  

Aside from serving as a viral entry site, 
attachment of the spike protein to the ACE-2 
receptor deactivates its role in vasodilation. 
Specifically, upon binding to SARS-CoV-2 spike 
protein, the decreased catalytic activity of ACE-2 
receptors. Since. the virus does not affect the ACE-
1 receptors, the presence of spike proteins 
imbalances the ACE-1 / ACE-2 ratio reducing the 
steady-state conversion rate of angiotensin II to 
angiotensin 37. A higher angiotensin II supply in turn 
promotes a net increase in vasoconstriction 
impeding blood perfusion and increasing localized 
blood pressure – conditions all classically 
symptomatic of circulatory dysfunction Somewhat 
expectedly, lower concentrations of circulating 
soluble sACE-2 are correlated with COVID-19 
disease severity and may hold promise as a 
potential biomarker thereof 38. 

ACE-2 is not the only host vulnerability to 
SARS-CoV-2 viral entry 39. Other molecular targets 
include CD147, a transmembrane glycoprotein 
expressed in the brain and kidney. Present in 
inflamed tissue and in tumors, CD147 is implicated 
in enhancing comorbid susceptibilities. Neuropilin 
(NRP), a regulator of the vascular endothelial 
growth factor (VEGF) controls angiogenesis and 
vascular remodeling. NRP is expressed in the GI 
tract, lung, prostate, ovaries, and in endothelial cells, 
excitatory neurons, and olfactory epithelium of the 
nasal cavity. Overexpression of VEGF can lead to 
inflammation and edema, making NRP a likely 
suspect for early phase SAR-CoV-2 infection in the 
AEC of the upper respiratory tract.  

Dipeptidyl peptidase 4 (DPP4 aka CD26) 
an immune system related ectopeptidase 
(previously identified in MERS-CoV infections) has 
recently been implicated by SARS-CoV-2 spike S-
protein binding studies as an entry candidate. DPP4 
is broadly expressed in kidneys, lungs, smooth 
muscle, liver and capillaries. Another suspect newly 
under investigation for viral entry is alanyl 
aminopeptidase (ANPEP). Structurally similar to 
ACE-2, ANPEP is highly expressed in the ileum, 
colon, rectum, liver, kidneys, skin, and in the 
conjunctiva. Viral entry in ocular membranes by 
ANPEP, ACE-2, TMPRSS2, and the extracellular 
matrix metalloproteinase inducer EMMPRIN (aka 
basigin or BSG) presents severe COVID-19 
infection risk to the eyes 40, 41, 42. 

Incubation. SARS-CoV-2 comprises a 
positive-sense single strand RNA virus. After entry, 
the virus sequesters the host’s organelles and 
commences translating its viral RNA genome into 
structural and accessory proteins. The RNA is then 
replicated to form new virions released to infect 
neighboring host cells 43. The genome of SARS-CoV-
2 is one of the largest among known RNA viruses, 
comprising of at least 26 identified protein-coding 
loci 44. Positive-sense RNA viruses like SARS-CoV-2 
were previously thought to encode proteins solely 
on the positive strand. Recently however it was 
demonstrated negative-sense viral RNA strand 
intermediates arising during replication of its 
positive-sense RNA source-code also manifest 
protein-coding potential. In the case of SARS-CoV-
2, nine new negative-sense open reading factors 
(nsORFs) have been identified. The function of dual-
direction protein encoding and its impact on 
COVID-19 infectivity is unknown at this time but 
may increase transmissibility through enhanced viral 
amplification. 

The incubation period for COVID-19, the 
time between exposure to SARS-CoV-2 and when 
the first symptoms appear, is estimated to range 
between 2-to-14 days with an average of 5 days. 
97% of the symptomatic population shows signs of 
infection within 11.5 days 45, 46. According to 
published reports, between 32%-to-40% of the 
SARS-CoV-2 infected population is asymptomatic 
for COVID-19 conditions 47, 48 with variability 
demonstrated across viral variants. Although studies 
suggest asymptomatic and presymptomatic persons 
exhibit lower viral loads, reduced viral shedding, 
and reduced infectivity 49, more studies are 
required to quantify exposure risks especially as 
each new variant with unique phenotypes emerge.  

Disease Trajectories. As with any infection, 
severity depends on an individual’s health condition 
at the time of exposure and on the pathogenicity of 
the contagion. The pathogenesis of SARS-CoV-2 
infection in humans is illustrated in Figure 1 for 
various exemplary disease trajectories 50. In case A, 
the infection is asymptomatic (or nearly so). Case B 
represents mild cold-like conditions (rhinorrhea, sore 
throat, malaise) resolving in 1-to-3 days with no 
residual effects 51. The patient of case C 
experiences conditions of moderate severity 
including fever, muscle aches, headaches, sinusitis, 
intermittent coughing, and chronic fatigue – 
symptoms ultimately subsiding in a week or two with 
outcomes of no long-term adverse effects.  

Case D represents a moderate-to-severe 
COVID-19 infection presenting fever, muscle 
cramps, dyspnea, paroxysmal coughing, reduced 
blood perfusion and hypoxia with the potential for 
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anosmia (loss of smell); ageusia (loss of taste); 
ocular inflammation (uveitis, conjunctivitis, 
blepharitis); mild cognitive impairment; and short-
term memory loss (transient global amnesia). 
Without prompt and efficacious therapeutic 
intervention lung damage, cardiovascular injury, 
thrombosis, pericarditis, and myocarditis may result. 
Chronic conditions may include acute respiratory 
distress syndrome (ARDS), cardio obstructive 
pulmonary disorder (COPD), and required oxygen 

supplementation. Case E represents a fatal COVID-
19 trajectory, involving urgent hospitalization, 
tracheal intubation, mechanical ventilation, and 
runaway cytokine and chemokine storms, followed 
by an irreversible cascade of organ failures. The 
severity of immune response to SARS-CoV-2 
infection is principally linked to various patient 
comorbidities including diabetes, asthma, obesity, 
cardiovascular conditions (such as hypertension), 
and immunodepression 52.  

 
Figure 1. Various reported disease trajectories for human COVID-19 infections progressing through the 
phases of respiratory infection, immune response, hyperimmune response, and various late-phase outcomes 
including full recovery, chronic respiratory distress, and lethal organ-failure scenarios. Attribution: cellular, 
molecular, and organ images courtesy of Wikimedia Commons. 

As depicted, the COVID infective phase 
involves viral entry and incubation – the interval 
from when SARS-CoV-2 penetrates a host cell, 
replicates itself, then breaks out to infect new cells 
(lysis), sequestering increasing numbers of host cells 
(viral amplification). During human transmission, 
aerosols containing SARS-CoV-2 enter the nasal 
and pharyngeal epithelia injecting viral genomic 
components into airway epithelial cell (AEC) 
cytoplasm for multiplication. The viral replicants are 
then released into the esophagus and trachea, 
ultimately invading bronchia of the lungs. 
Meanwhile, the original host AEC dies scattering 
cellular debris further promoting local inflammation 
and tissue necrosis (pyroptosis). Concurrently, spike 
protein bound ACE-2 receptors cause edema, 
vasoconstriction, and inflammation, potentially 
prompting thrombosis and fibrosis. 

Photobiomodulation during the incubation 
phase interferes with viral replication preventing 
amplification, offering the potential of prophylaxis 
even after direct exposure to infectious spreaders. 

Immunopathology. In the second phase, 
normal immune response is activated through 
recognition of pathogen-associated molecular 
patterns (PAMPs) by toll-like receptors (TLRs) and 
by mast cells sensing damage-associated molecular 
patterns (DAMPs). While these molecular 
watchdogs favorably support host-cell defense, 
they potentially risk a pathological inflammatory 
response (i.e. overreaction) implicated in 
hyperimmunity and autoimmune diseases. Notably, 
immunoresponse is a progressive process where 
early cytological responders comprising mast cells, 
phagocytes, basophils, and eosinophils, followed 
by recruitment of neutrophils collectively promote 
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wound healing in visceral epithelium and vascular 
endothelium. 

Unfortunately, if viral replication proceeds 
undeterred the immunoresponse necessitates 
stronger cytotoxic agents to finish the job. These 
cytotoxic immune cells, including macrophages, 
dendritic cells, natural killer (NK) cells, along with 
adaptive T-cell and B-cell lymphocytes, release and 
up-regulate cytokines, powerful anti-infective pro-
inflammatory enzymatic proteins designed to 
destroy pathogens at all cost (even at the expense 
of damaging host tissue).  

Cytokines comprise a diverse spectrum of 
agents that include interleukins (IL-6, IL-2, IL-10, IL-

12); interferons such as IFN‐γ (interferon-gamma) 
and IP-10 (aka CXCL10, an acronym for CXC-
motif-chemokine-ligand-10); G-CSF (granulocyte 
colony-stimulating-factor-3); and tumor necrosis 
factor (TNF). Other cytokines involved in platelet 
activation, endothelial dysfunction, and thrombosis 
include MCP-1 (monocyte chemoattractant protein-

1) and MIP1α (macrophage inflammatory protein 

1-alpha). Along with IP-10, these cytokines are 
considered a valuable inflammatory biomarker for 
monitoring COVID-19 severity 53. Key inflammatory 
biomarkers correlated to COVID-19 mortality 
include serum C-reactive protein (CRP), lactate 
dehydrogenase (LDH), and ferritin 54. Other 
markers include neutrophil and lymphocyte counts; 
neutrophil/lymphocyte ratio (NLR); fibrinogen; and 
D-dimer levels 55; along with albumin and 
erythrocyte sedimentation rate 56. Multivariate 
analysis of low-grade inflammation or LGI (defined 

as CRP >0.3 and <1.0 mg/dL) in long COVID cases 
suggests neutrophil count, NLR, fibrinogen, and CRP 
show the greatest sensitivity in tracking LGI. 

If cytokine and chemokine fail-safes cannot 
contain the infection, an increasing viral load in the 
sinuses and lungs will invariably break out to other 
organs 57, primarily through blood circulation 
(viremia). As the coronavirus spreads throughout the 
body, systemic inflammatory distress (a cytokine 
storm) then ensues 58, 59, 60. The prognosis for 
patients experiencing a COVID-19 cytokine storm 
involves three possible outcomes, either (i) the 
hyperinflammatory condition subsides and the 
patient fully recovers, (ii) acute symptoms subside 
but organ damage creates a chronic health 
condition (long COVID) 61, or (iii) organ failure and 
death. PBM delivered during this phase can arrest 
and limit viremic spread while limiting 
hyperinflammatory reactions. 

 
Therapeutic Indications  

Treatment of acute and long COVID-19 
today primarily involve three strategies, namely 

vaccination, pharmacology and photobiomodula-
tion. These modalities (made in accordance with 
medical standards of care) are not mutually 
exclusive and are often applied adjunctively. Each 
approach offers unique benefits with equally 
unique challenges.  

Vaccines. Although vaccines are routinely 
used to combat infectious disease, inoculation 
against viruses with high genetic-variability face a 
constant challenge of waning effectiveness 62, 63. As 
a virus mutates, immune cells trained to detect a 
specific viral phenotype are no longer able to 
recognize the evolving molecular signature of viral 
proteins. Unfortunately, mutations of single-strand 
RNA virus such as coronaviruses are not only 
probable, but inevitable, as evidenced by the 
ongoing emergence of COVID-19 variants including 
the Alpha, Delta, and Omicron strains 64.  

Moreover, genomic changes have been 
detected on the codon defining the spike protein 65, 
a key component used in many vaccine strategies. 
As the virus evolves, so too must the vaccine 
designed to mimic it. Although a useful tool in 
mitigating COVID-19 severity, inoculation has been 
shown to be unable to completely prevent infection 
and transmission, prompting renewed efforts in 
therapeutic stratagems. Moreover, while inoculation 
can minimize acute COVID-19 symptoms (indirectly 
mitigating long COVID severity), vaccines cannot 
anticipate or avoid the myriad of resulting chronic 
conditions, nor address associated mental health 
conditions therefrom. 

Pharmacology. Drug interventions face 
different challenges. Because of the 
hyperinflammatory character of COVID-19, 
pharmacological regimens require carefully 
balancing anti-infective action against an overly 
aggressive immune response provoking a cytokine 
storm. Primary care and outpatient 
pharmacological interventions include analgesics, 
antipyretics, antivirals, monoclonal antibodies, and 
inhaled corticosteroids 66. The principal goal of such 
ambulatory care is to suppress viral proliferation, 
prevent progression into severe disease; limit 
respiratory distress; reduce the risk of organ 
damage and long COVID; and avoid the need for 
hospitalization and mechanical ventilation. 

When early medical interventions fail to 
arrest severe symptoms (presenting lung and 
vascular inflammation, edema, viremia, and organ 
dysfunction), hospitalization, oxygen 
supplementation, and the urgent application of 
more aggressive therapeutic regimens become 
necessary. ICU pharmacology generally involves 
the combined application of anti-inflammatories 
(such as dexamethasone), antivirals (e.g. remdesivir), 
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kinase inhibitors, immunomodulators, and 
monoclonal antibodies. If SpO2 levels continue to 
decline, mechanical ventilation is unavoidable.  

Another challenge in treating COVID-19 
pharmacologically is its broad range of 
extrapulmonary organ involvement. Autopsies 67, 68 
reveal SARS-CoV-2 has been found to infect at 
least seventy-nine tissue and organ locations, 
including the heart, kidneys, liver, muscles, nerves, 
reproductive organs, and eyes. Since infected 
organ and tissue types (each with their own unique 
biochemistry) present different symptoms of 
COVID-19 disease, no single pharmacological 
agent (or cocktail of multiple drugs) can be 
expected to counter the full spectrum of COVID-19 
pathogenicity. Organ damage and persistent 
inflammation associated with long COVID presents 
cardiovascular disease and myocarditis 69; 
autoimmunity; gut microbial dysbiosis 70; cognitive 
dysfunction and memory loss; and diabetes. 
Pharmacological therapies can symptomatically 
treat long COVID but not prevent it. No medicines 
are indicated for addressing neurological deficits 
and mental health impacts of long COVID such as 
chronic inflammatory pain (neuritis), sleep disorders, 
persistent malaise, and brain fog. 

Photobiomodulation. A third modality 
emerging in SARS-CoV-2 infection management 
and the treatment of COVID-19 disease is 
photobiomodulation (aka PBM). Unlike the protein-
specificity of adaptive immunity conferred by 
vaccines (i.e. viral adjuvants to stimulate antigenic 
activity), or the biochemically selective mechanisms 
of medicines and monoclonals, PBM employs 
quantum photobiochemistry of energy absorption, 
specifically non-ionizing electromagnetic radiation 
(light) to modulate the cytological and molecular 
biochemistry of virtually all tissue types and organs 
in humans and mammals (and for that matter 
virtually any eukaryotic organism or species). 
Mediated through transmembrane proteins 71 (e.g. 
Ca2+ ion channels, TRPs 72, and mitochondrial 
cytochrome-c 73), the therapeutic mechanisms of 
photobiomodulation (PBM) are largely unaffected 
by biochemical disguises or mutations of viruses, 
bacteria, fungi, or protea intended to thwart 
immunoresponse, especially those involving innate 
immune system reactions. 

As such, the directed application of specific 
wavelengths of light energy impedes pathogenic 
reproduction of SARS-CoV-2 either by directly 
damaging the pathogen’s structural integrity with 
excess energy 74 or by modulating innate immune 
response through reactive oxide species 75, 76 and 
inflammatory pathways 77, 78, 79, neither mechanism 
of which is sensitive to viral genomic variability (i.e. 

mutations). In simple terms, physics controls chemistry, 
not the converse. Furthermore, PBM may be used for 
COVID-19 disease as a primary therapeutic 
modality 80 or adjunctively in concert with 
pharmacology 81. Transcranial PBM, extensively 
studied in the treatment of neurological disease 82 
(such as Alzheimer’s-dementia (AD) and stroke) also 
holds promise in ameliorating the effects of long 
COVID on neurological conditions 83 (brain fog) and 
mental health.  

 
Deep Tissue Photobiomodulation 
PBM Overview 
        Photobiomodulation (PBM), the photochemical 
effect of light on the metabolism of living cells is an 
incredibly complex and diverse topic 84. With 
hundreds-of-thousands of published papers from 
over 40 countries and over two million google 
search results, PBM topics span nearly every aspect 
of human and animal physiology and medicine. 
Photobiomodulation (PBM) involves photon 
absorption of light-sensitive molecules called 
chromophores present within cells (often comprising 
transmembrane proteins) influencing cellular 
metabolism, respiration, apoptosis, protein synthesis, 
and cellular defense. As a subcategory of the 
broader field of light therapy (or phototherapy), 
PBM occurs in nearly all cell types, not only in 
optical receptors. Topically, PBM generally 
excludes laser surgery and ablative procedures 
(e.g. intense pulse light, aka IPL). 

A Brief History of PBM. While the health 
benefits of light have been recorded since early 
civilization, the scientific application of light in the 
treatment of disease began early in the last century, 
heralded by empirical medical studies by Niels 
Ryberg Finsen earning him the 1903 Nobel Prize 85 
“in recognition of his contribution to the treatment of 
diseases, especially lupus vulgaris, with 
concentrated light radiation, whereby he has 
opened a new avenue for medical science.” Just two 
years later, Albert Einstein published four papers 86 
in the journal Annalen der Physik (the so-called annus 
mirabilis papers) one of which described 
interactions between light and matter (the 
photoelectric effect 87), forming the basis of 
quantum mechanics, quantum physics, and quantum 
chemistry, and ultimately earning him the Nobel 
Prize in Physics 88. 

Profoundly, the paper asserted (i) light 
travels in discrete packets of energy called quanta 
(photons); that (ii) unlike matter, energy carried by 
photons doesn’t depend on their speed but instead 
is proportional to the light’s frequency or inversely 
proportional to wavelength (referred to as the 
Planck-Einstein relation); and that (iii) a photon must 

https://esmed.org/MRA/index.php/mra/article/view/4029
https://en.wikipedia.org/wiki/Annus_mirabilis_papers
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possess some minimum in energy, an amount called 
the work function (a measure of bonding energy) to 
induce an electron energy-state transition causing 
action (a photoelectric effect or photochemical 
reaction). Molecular light absorption insufficient to 
overcome this work function causes only vibrational 
kinetic energy, manifested as heat. Together with 
material density and molecular structure, quantum 
and thermal energy absorption determines the 
optical and photochemical properties of solids 89. 
Optical absorption forms the foundational 
biophysics governing photobiomodulation and is 
critical in understanding, designing, and developing 
biophotonic PBM systems. 

It wasn’t until the discovery of the laser in 
1960 90, and the subsequent developments of the 
semiconductor laser diode (LD) 91 and the light 
emitting diode (LED) 92, 93 two years thereafter that 
the medical application of light became practical. 
Comprising compound-semiconductors engineered 
to emit specific wavelengths, these heterojunction 
diodes achieve high quantum efficiencies converting 
electrical energy into light with minimal heating or 
power loss.  

It was soon discovered that low intensity 
laser light offered health benefits including 
stimulating hair growth 94 and accelerating wound 
healing 95. Since LEDs at the time were not 
sufficiently bright, most early biomedical research 
concentrated on using lasers, erroneously concluding 
that coherency was a key factor in observed 
benefits 96. The term low-level laser therapy or LLLT 
(now obsolete) was adopted to distinguish low 
power lasers (also called cold lasers) from higher 
power surgical lasers. Once however the medical 
use of LEDs became widely adopted, the acronym 
LLLT became problematic, firstly because of 
disagreement as to the acronym’s ambiguous 
meaning (i.e. does L stand for laser, LED, or light?), 
and more significantly because “low-level” is purely 
subjective with no quantitative definition or 
consensus. LEDs can’t even emit high optical powers. 
Photobiomodulation 97, 98 is now a more broadly 
accepted term. 

By the 1990s, tremendous advancements in 
LED efficiency, brightness, cost, and large-areal 
coverage established LEDs as a compelling 
alternative to the lasers 99, 100. Aided by support 
from NASA 101, medical studies soon confirmed LED 
based therapy matched (or even outperformed) 
lasers 102, 103, with the caveat that a LED light 
delivery system must be well designed to maximize 
energy coupling and prevent reflection. By the turn 
of the century, bendable pads containing arrays of 
hundreds of LEDs were first introduced (initially 
under the tradename APLightsource-2000). The LED 

array resolved laser’s problematic small spot size, 
overcoming the optical coupling issue of rigid LED 
panels while enabling concurrent PBM of large 
areas (face, back, thighs) 104. Mechanical breakage 
from repeated flexing, however, compromised use 
life. 

Since that time, significant advancements in 
3D-flexible LED pad design and ruggedness have 
been realized 105, 106, coupled with advanced 
biophotonics and programable tissue-specific 
sequenced pulse modulation 107. Pulse modulation in 
modern PBM photonic systems is important in 
maintaining a safe skin temperature (Tskin < 43°C), 
controlling the average delivered power or 
irradiance (specified in mW/cm2), and setting the 
total dosage (delivered energy or “fluence”) of a 
therapeutic PBM treatment (measured in J/cm2) 108. 
In laser PBM, pulsing is further required to 
preventing laser diode overheating and to reduce 
burn risks and eye damage.  

 
Factors in Deep Tissue PBM 

Optical Delivery. Using PBM to treat 
COVID-19 infected whole-organs (such as lungs, 
liver, intestines, and the brain) is not a trivial matter 
as it relies on delivering significant amounts of 
energy to deep-tissue over large areas in 
reasonable times (without burning the skin). In 
transdermal photobiomodulation, photons must 
penetrate through cutaneous layers overcoming 
power losses from reflection, refraction, dispersion, 
and scattering in order to reach underling tissue and 
organs. Transcranial PBM of the brain (used in long 
COVID therapy) must also overcome optical losses 
in bone. Factors affecting light transmission and 
optical losses during PBM therapy include the light 

wavelength , the distance between the light source 

and skin surface, the angle of incidence  (the angle 
measured orthogonal to the skin), and the 
thicknesses of intervening tissue layers. Improperly 
engineered optical delivery is largely responsible 
for poor or inconsistent results reported in numerous 
published PBM studies, especially those involving 
LED therapy of deep tissue and scanned laser 
treatment of whole organs. 

In deep tissue PBM, light must first travel 
from a light source (LED or laser) to the patient, then 
successfully traverse the interface between air and 
upper epithelial tissue before penetrating into the 
dermis and body cavity. Governed by Maxwell’s 
equations for electromagnetic radiation (EMR), a 
simplified form of classical wave equation includes 
the inverse-square law for propagation in free 
space or air, and the laws of geometric optics at an 
interface 109, namely the law of reflection and 
Snell’s law of refraction. Specifically, the inverse-

https://esmed.org/MRA/index.php/mra/article/view/4029
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square law states the effective brightness of a 
incoherent light source (like a lamp or LED) 
diminishes as it disperses covering larger areas with 
increasing distance. As such, area normalized 
optical power P/A given by the relation P/A = 
P/(4πd2) means a doubling the distance d from the 
LED to the skin reduces surface brightness 
(measured in mW/cm2) by a factor of four.  

The inverse square law highlights the need 
for a LED light source to contact or maintain close 
proximity to tissue being treated. Power losses 
occurring at the air-to-skin interface determine what 
portion of impinging light penetrates the epithelium 
to reach deep tissue targets. While some light may 
pass through the skin’s surface, other light beams 
are reflected and their energy lost. Because the 
atomic density of skin differs from air, the speed of 
light slows in proportion to the ratio of refractive 
indices of the transmitting mediums. This speed 
change causes light beams to emerge at different 
angles than at entry, a phenomenon called 
refraction. Light redirected off-angle (i.e. not 
perpendicular to the skin’s surface) travels a longer 
more indirect path than when orthogonally oriented 
increasing the statistical probability of being 
absorbed in the skin without penetrating into 
deeper tissue targets.  

Moreover, because skin is amorphous with 
no single crystalline direction and no uninform plane 
of reflection, scattered light beams cause more 
scattering further enhancing power loss in the upper 
layers of skin. Refractive and scattering power 
losses are higher for light impinging the skin off-axis, 

i.e. for larger angles of incidence  characteristic of 
lamps, distant light sources, scanned laser light, or 
planar LED-panels illuminating curved portions of 
the body. For this and other reasons, rigid LED 
panels, wall LEDs, and LED beds (used in skin care) 
are less suitable for deep-tissue whole-organ PBM. 

Handheld probes and wands (whether LED 
or laser) although offering efficient optical coupling, 
are problematic in treatment of infectious diseases 
such as COVID-19 as they require a therapist to 
maintain close proximity to an infected patient for 
extended durations. During a session the therapist 
must hold the light probe or wand in place (without 
moving) for some duration, then reposition it, 
repeating the entire procedure again in a new 
location. Even for an unusually large-area cluster 
probe (e.g. covering 5 cm2) with multiple LDs, 
treating a lung area of 300 cm2 requires dozens of 
placements. Laser probes cover smaller areas 
requiring even longer sessions. The longer a 
therapist must stay in close proximity to an infected 
patient, the greater the chance they will contract 
COVID-19.  

Excluding the foregoing methods from 
consideration, two hands-fee forms of optical 
delivery have been used successfully in treating 
COVID-19 patients – laser scanners 110 and 
conformal LED pads 111. Since laser scanners 
employ a coherent light source with minimal 
dispersion, lasers do not suffer the same power loss 
in free air as LEDs. Able to maintain a relatively 
constant size and brightness within the laser spot, 
laser irradiance (brightness) is mostly insensitive to 
the distance between the laser diode light source 
and the patient. Unfortunately, because of a laser’s 
intrinsically small spot dimension, beam scanning is 
required to treat large areas for whole-organ 
therapy. Laser scanning in not without its own 
challenges. 

During laser scanning, a mechanical or 
robotic arm suspended above a patient contains a 
laser head unit that serially rasters emitted laser 
light across a patient’s back in a predefined pattern. 
Serial rasterized scanning requires tens-of-minutes, 
during which time a patient laying in a prone 
position must remain perfectly still to ensure uniform 
illumination and dosing. Doctors report that COVID-
19 patients with severe pneumonia complain of 
dyspnea and breathing discomfort when laying 
face down in a prone position.  

Patient discomfort thereby is a 
disadvantages posterior laser scanning as a viable 
therapeutic option for awake patients. As an aside, 
it should be noted that it is a common misconception 
that proning improves breathing. A recent clinical 
trial reported by JAMA 112 concluded “prone 
positioning offered no observed clinical benefit 
among patients with COVID-19–associated 
hypoxemia who had not received mechanical 
ventilation. Moreover, there was substantial 
evidence of worsened clinical outcomes.”  

The alternative, anterior laser scanning of 
the chest and lungs, represents an uncertain eye 
safety risk as unattended patients isolated in a 
treatment room may inadvertently remove safety 
glasses during a session with potentially harmful 
effect. Eye safety around lasers is a complex 
subject as it must consider a number of risks 
including an unattended patient removing their 
glasses. 

Another complexity of laser scanning is 
beam uniformity. Because scanning involves a 

dynamically changing angle-of-incidence , 
epithelial scattering and penetration depth vary. 
While perpendicular delivery exhibits less than 5% 
energy loss to reflection, off-axis beams lose 
significant energy to reflection and refraction 
impacting PBM dose and penetration depth, 
especially for angles over 40° from the vertical 113. 

https://esmed.org/MRA/index.php/mra/article/view/4029
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As an alternative, deep-tissue whole-organ 
PBM therapy can be performed using bendable 
LED pads. By conforming to body contours, optical 
coupling of flexible LED pads can be highly efficient 
with minimal reflective and refractive losses. 
Unfortunately, consumer light pads using neoprene 
and porous rubbers are unsanitary, causing skin 
allergies, trapping microbes, and risking infectious 
spread. Moreover, traditional flex printed circuit 
boards (PCBs) used in most LED pads are wholly 
unsuitable in clinical settings, routinely experiencing 
reliability failures from repeated bending. 
Dominant failure modes include open-circuits from 
tearing of the PCB film, cracking of conductive 

traces, and breakage of LED solder joints causing 
dead LEDs across the pad. 

To overcome these deficiencies, a new 
generation of LED pad was developed comprising 
high-temperature aseptic hypoallergenic polymer 
pad covers combined with a special hybrid PCB 
design of heterogenous construction containing 
redundant interconnects 105. Redundant circuitry 
means interconnection failures do not cause a 
corresponding electrical malfunction. Deployed 
commercially over the last nine years, the innovation 
shown in Figure 2 is designed to reliably and 
repeatedly bend in 3D, maintaining uniform 
irradiance and depth without breaking, and to 
facilitate easy cleaning and disinfection. 

 

 

Figure 2. Optical delivery using 3D bendable LED offering uniform irradiance over large areas, hybrid 
PCB with redundant interconnects to mitigate breakage and open circuit failures, and body conforming 
aseptic polymeric pads reconfigurable for coverage areas from 200 cm2 to 1,200 cm2. Patents issued 
and pending 105. 

 
Each pad used in COVID-19 case studies 

(discussed in Part II of this paper) covers 200 cm2 
with more than 200 LEDs per pad. Able to drive six 
LED pads simultaneously from a single PBM 
controller (capable of sourcing over 18W), the 
pads may be reconfigured to cover any body part 
uniformly delivering light to internal organs 
including anterior or posterior lungs, sinuses, and 
liver-spleen-intestines (gut). A separate headband-
shaped pad (not shown) is employed for 
transcranial (tPBM) therapy. 

Deep-Tissue Photon Transmission. Since 
SARS-CoV-2 infects visceral organs and blood 
vessels, a fundamental requirement in PBM therapy 
of COVID-19 is deep-tissue photon transmission. 
Deep-tissue transdermal PBM of visceral organs 
requires light of longer wavelengths to travel 
through cutaneous and subcutaneous tissue reaching 
the abdominal cavity while carrying sufficient 
energy to elicit a photochemical (not a 
photothermal) response. Specifically, the Planck-
Einstein relation describes a photon of wavelength 

λ (or frequency f) possesses energy E given by 

 

E = hf =  
hc

λ
 

 
where h is Planck’s constant and c is the speed of 
light.  

Although the equation stipulates that 
shorter wavelength light has more energy than 
longer wavelengths (e.g. ultraviolet has more 
energy than red light), the penetration depth of 
higher energy photons is not necessarily deeper – 
behavior completely counterintuitive to Newtonian 
physics. Instead quantized photochemical 
interactions among molecules, electrons, and 
photons govern whether specific wavelengths are 
absorbed or scattered, key factors determining if 
light reaches deep tissue or remains relegated to 
the dermis. As such, light penetration depth is not 
based on optical power but on wavelength, 
modulated by light-absorbing molecules 
(chromophores) populating intervening tissue layers.  

Quantized photochemical interactions 
controlling light penetration depth are 
mathematically problematic because the quantum 
electrodynamic behavior of solids (including light 
absorption, excitation, and relaxation) exhibit 

https://esmed.org/MRA/index.php/mra/article/view/4029
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probabilistic rather than deterministic behavior. 
Other complicating factors governing absorption 
and transmission include inhomogeneity in cutaneous 
strata. By simplifying quantum photochemical 
effects as wavelength-dependent bulk material 
properties (characterized by absorption and 
scattering), light penetration can be approximated 
as a non-iterative differential equation referred to 
as the Beer-Lambert law 114, 115. Assuming molecular 
attenuators operate independently from one 
another (as a linear system) and the attenuating 
medium is homogeneous with minimal scattering (low 
turbidity), then the Beer-Lambert law for radiant 
flux (aka irradiance) P(x)/A at depth x can be 
simplified to an exponential decay within specific 
layer given by 

 

P(x)

A
=

Pλ

A
e−μx 

 

where μ is the Napierian (i.e. base e) attenuation 

coefficient, and Pλ/A the irradiance at the plane of 

incidence penetrating the each overlying block. The 
equation describes an exponential decay of 

characteristic length  = 1/μ an where the 
attenuation coefficient can be approximated in 
terms of absorption and scattering coefficients µa 
and µs by the relation  
 
 
 
 
representing an approximation valid for a 
moderate degree of scattering in a homogeneous 
material. The law can be restated in terms of depth  
 

x = −
1

μ
ln

P(x)

Pλ
 

 

where the transmitted light fraction P(x)/Pλ is the 

ratio of flux density at depth x as a fraction of 

surface flux Pλ. When P(x)/Pλ drops to a relative 

brightness of 1/e  37% of the surface irradiance, 

then x = 1/μ = , the characteristic length of the 

exponential decay.  

The depth  is often mischaracterized as 
penetration depth (the depth light travels) even 
though more than a third of the photon flux remains 
unabsorbed at this depth. A more apposite 
definition for penetration depth is the maximum 
distance in biological tissue able to meet the 
minimum irradiance criteria required by a 
particular application. Since the requisite brightness 

for pulse oximeters, infrared imaging, PBM therapy, 
and photodynamic therapy (PDT) differ, so too does 
the applicable definition of optical penetration 
depths. PBM, for example can be efficacious at 

0.5% provided surface irradiance Pλ is sufficiently 

bright, while activating injected nanoparticles in 
PDT demands a higher flux density. 

Unfortunately, skin is not homogeneous in 
composition and scattering is more significant in the 
upper layers (stratum corneum, epidermis) than in 
deeper tissue. To more accurately depict skin for 
simulating photon transport, each layer should be 
represented as a homogeneous block with an 
incoming surface brightness equal to the light 
exiting the overlying layer, and delivering light to 
the surface of the block underlying it. The difference 
between incoming and outgoing optical flux 
represents power loss within each cutaneous layer. 
Given its complexities, quantitative analysis by 
numerical computer simulation is more insightful than 
algebraic approximations in predicting photon 
penetration and absorption. Precision however 
relies on simulation parameters. 

Finlayson et al 116 modeled skin-light 
interaction using Monte Carlo analysis for direct, 
off-angle, and diffuse light sources. The model 
divides the skin into six layers based on a model of 
Barnard et al 117 comprising a characteristic 
thickness and corresponding optical properties 
(absorption µa and scattering coefficients µs as a 
function of wavelength) representing the influence 
of various chemical and biochemical molecules 
present each layer (e.g. water, melanin, 
oxygenated and deoxygenated hemoglobin, and 
lipids). Especially noteworthy is optical absorption 
of hemoglobin between 500-600 nm (the Q-band 
present in the dermis and subcutaneous layers) and 
another peak at 970 nm due to water absorption 
in all layers.  

The model’s stratified ordered layers of 
skin and corresponding thicknesses include (i) 
stratum corneum, 20 µm; (ii) epidermis, 64 µm 
(thickest case); (iii) melanin layer, 10 µm; (iv) basal 
layer, 10 µm; (v) dermis, 2 mm; and (vi) 
subcutaneous tissue or hypodermis including 
adipose and superficial fascia, 3 mm. Figure 3 
illustrates the reported light transmission by depth 
from the skin’s surface as a function of light 
wavelength (adapted from 116). Note that for 
illustrative purposes the graph’s ordinate (y-axis) is 
a composite of a linear scale for depths greater 
than 1 mm, and a log scale for depths below 1 mm 
(hence no “0” is labelled on the ordinate axis). 

 

μ = √3μa(μa + μs) 

https://esmed.org/MRA/index.php/mra/article/view/4029
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Figure 3. Monte Carlo simulation of optical penetration of ultraviolet (λ < 400 nm), visible (400 nm ≤ λ 
< 780 nm) and near infrared light (780 nm ≤ λ) into epidermis, dermis, and hypodermis, after Finlayson 
116 

 
Observations confirm the general trend that shorter 
wavelength light (UV, violet, blue) penetrates to 
shallower depths than longer-wavelength red and 
near infrared (NIR) radiation. Specifically, the non-
ionizing portion of the electromagnetic spectrum, i.e. 

shorter wavelengths than red light (λ ≤ 600 nm) is 

essentially relegated entirely to the epithelium, 
unable to penetrate into deep tissue or visceral 
organs. So, despite the demonstrated virucidal 
capability of ultraviolet 118 and violet (405 nm) light 
119, short wave radiation cannot reach internal 
organs. 

Although longer wavelength light 
penetrates more deeply, the absorption spectrum 
of water blocks significant optical penetration in the 
near infrared spectrum above 950 nm. Conversely, 
hemoglobin absorption of visible light below 600 
nm also substantially blocks light transmission. The 
spectrum between 600 nm and 900 nm is generally 
described as the therapeutic window 120 (aka 
optical window or near-infrared window) where 
light can penetrate into the body unobstructed by 
blood, water, and epithelium.  

The precise range of the biological 
transparent window in human skin is somewhat 
subjective, depending on the definition of 

transparency. For example, a more liberal 
definition of the window extends from 600-to-1300 
nm 121, expanded to include a secondary local 
minimum in water’s absorption spectra around 1060 
nm 122. Consistent with the water absorption model, 
independent studies using bovine tissue samples 
confirm 808 nm of light penetrates as much as 54% 
deeper than 980 nm light 123. Other studies confirm 
full depth penetration requires an optical source 
wider than 8-to-30 mm 124, 125 depending on 
wavelength, a factor adversely impacting small 
spot laser probes but irrelevant for 200 cm2 LED 
pads. 

Figure 4 illustrates exemplary abdominal 
tissue comprising 5.2 mm of epithelium overlying 1 
mm parietal fascia and ~100 µm visceral fascia 126. 
Based on Monte Carlo (solid) and Beer-Lambert 
(dashed) analysis, the graphic also depicts 
transdermal absorption and transmission of 
wavelengths in the red and NIR spectrum of the 
transparent optical window. While the results are 
insightful, reported absorption and scattering tissue 
properties dramatically vary 127, 128, 129. Along with 
overly simplified models of vascularization, 
simulation discrepancies are pervasive, and 
especially problematic when predicting deep-tissue 
penetration below 2 mm. 

 

https://esmed.org/MRA/index.php/mra/article/view/4029
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Figure 4. Transdermal transmission approximations of red and NIR light in epidermis, dermis, 
subcutaneous, and parietal fascia penetrating pleural and abdominal cavities and visceral organs therein. 
Solid line adapted from simulation 116, dashed line from modified Beer-Lambert analysis. For deep tissue 
properties, refer to 126. Layer thicknesses optical material properties, and irradiances are exemplary and 
may vary by patient and organ. 

Moreover, numerous competing Monte 
Carlo simulations papers show conflicting results 130, 

131, 132. In particular, because the subcutaneous 
layer is the thickest portion of the epithelium, minor 
differences in subcutaneous absorption and 
scattering coefficients µa and µs and variation in 
thickness assumptions produce disproportionate 
effects.  

Curiously, the simulation indicates that red 
and NIR light penetrate to approximately the same 
maximum depth, a conclusion in conflict with several 
reported measurements showing 850 nm NIR 
penetrates more deeply than 635 nm red light, up 
to 200% that of simulations 133. Optical 
measurements of human cadavers 134, human cheek 
transmission 135, rat skin 136, and pork skin 125, 137 
indicate optical penetration is deeper than what 
simulations suggest. Since optical penetration is a 
key parameter in deep-tissue transdermal therapy 
of the lungs, sinuses, and other ACE-2 populated 
organs at risk from acute and long COVID, an 
accurate accounting for the incongruencies between 
simulation and empirical measurements is 
warranted. 

Similarly, analytical 138, 139, cadaveric 140, 
and therapeutic 141, 142, 143 studies likewise confirm 
significant transcranial transmission of red 144 and 
NIR 145 light into and throughout the brain 146, 147, 148 

including the prefrontal cortex, the hippocampus, 
corpus collosum, and brain stem. Transcranial PBM 

of the brain lobes is important in the treatment of 
neurological symptoms of long COVID. 

Irradiance (Power, Brightness). Optical 
power delivered to the surface of the skin is 
referred to the irradiance of a light source. Equally 
applicable for a focused laser beam or a LED array 

in virtual contact with the skin, irradiance P is 
defined as the optical brightness at the skin’s surface 
(i.e. at x = 0) measured either in mW or scaled by 

area as P/A (as mW/cm2). Similarly, light reaching 
a tissue target at depth x for PBM therapy is 
defined as Ptrgt (x) or Ptrgt (x)/A. 

The unitless optical power transmission 

coefficient trgt (x) is thereby defined herein as the 
ratio of optical power reaching a tissue target or 

organ divided by the surface power P given as 
 

Ψtrgt(x) =
Ptrgt(x) A⁄

Pλ A⁄
=

Ptrgt(𝑥)

Pλ
  

 
By varying tissue thicknesses, optical absorption, 
and scattering parameters in combination with a 
literal plethora of values reported for skin and 
fascial layers, numerical and analytic models 

predict the transmission coefficient trgt (x) ranges 
from 0.7% to 7% with the best penetration into the 
sinus and lungs and the poorest optical coupling into 
the abdomen (where thick subcutaneous and 
visceral adipose generally accumulates with age). 
Penetrating light not delivered to the target tissue 

https://esmed.org/MRA/index.php/mra/article/view/4029
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is mostly lost as heat. Factors influencing deep-tissue 
irradiance profiles include photon emission, thermal 
losses, absorption, and pulsing (but not coherency or 
monochromaticity). 

Photon Emission. During light emission, the 

optical power P of a LD or LED is defined as its 
electrical input power times its efficiency, or in terms 
of diode current ID and semiconductor forward 

junction voltage Vj by the relation P = Pin = 

(ID•Vj). The term , the energy power efficiency 
(EPE), describes the ratio of optical watts emitted 
divided by the electrical power input having units 
of W•W–1. Normalized to area, the incident optical 

power (with units of mW/cm2) becomes P/A= Vj 

(ID/A) where P/A has units of mW/cm2 and where 
ID/A represents the diode’s current density in 
mA/cm2. LED brightness and uniformity thereby 
depends on current, not voltage.  

The value of  varies depending on the 
semiconductor material used, its associated 
fabrication technology, and the wavelength of 
emitted light. In general light wavelength is 
inversely proportional to a material property 
called “bandgap”. Wide bandgap (WBG) 
materials (like SiC or GaN) require higher forward 
voltages and produce shorter wavelength photons 
(e.g. UV, blue) than narrower bandgap compounds 
used in red and NIR devices.  

For complex reasons involving 
semiconductor physics and bipolar (hole and 
electron) carrier transport, wide bandgap materials 
exhibit lower quantum conversion efficiencies. 
Theoretically, then longer wavelength LEDs should 
be more efficient 149. That said, given the recent 
global focus on energy-efficiency in sold-state 
lighting, WBG semiconductors are rapidly 
advancing technologically thereby offsetting any 
intrinsic material disadvantages. As such, efficient 

LEDs ( > 50%) are now ubiquitous, available in 
most colors across the EMR spectrum.  

Thermal Losses. Since medical-grade PBM 
systems are generally not battery powered (too 

much energy), the value of  is not an issue of 
system efficiency but of self-heating. Specifically 

for a given optical output power, a lower  diode 
produces less light and more heat. Self-heating in 
LEDs and LDs has several disadvantages including 
reduced light output (sag), shorter device life, 
higher operating temperatures, and at excessive 
levels – patient burn risk. As such, continuously 
overdriving an LED or LD is not recommended for 
PBM applications. 

Thermal losses occur through three elements 
(i) in the semiconductor light source, (ii) in photonic 
drive circuitry, and (iii) in tissue overlying the organ 

target. Heat Qsemi produced within the 
semiconductor LED or LD device represents the 
fraction of electrical power that is not converted 

into light, expressed per device by Qsemi = (1–)Vj 
ID or for “m” parallel strings of “n” series connected 

diodes as Qsemi = (1–)(nVj)(mID). Since a diode 
exhibits an on-state forward voltage Vj when 
conducting current ID, any excess voltage supplied 
by the photonic drive circuit above the required 
level also produces extra heat in the amount Qdrive 
= (Vdrive – Vj) ID per device (or for an array of m•n 
devices Qdrive = (nVdrive – nVj)(mID) where nVdrive is 
the total driver voltage and nVj is the series sum of 
diode forward voltages. Generated heat may be 
released in a PBM controller (requiring a fan to 
prevent overheating) or may occur in a LED pad 
contacting the skin.  

The final power loss mechanism is the 
photon flux absorbed in the intervening cutaneous 

and fascia tissue in the amount Qtiss = (1–(x)) P 
where for an array of m-by-n devices surface 

power P = (mID)(nVj). Because of the biphasic 
nature of PBM, the high brightness light absorbed in 
upper layers of tissue inhibits beneficial PBM, 
turning instead into kinetic vibration (heat). 
Overdosing the skin layers does not harm tissue, but 
it also doesn’t benefit it. Total heat generated in 
driving a parallel-series array of m-by-n devices is 
then the sum of all component losses, or 
 

Qtot = mn(Qsemi + Qdrive + Qtiss)

= mnIDVj (
Vdrive

Vj
− ηΨ(x))

= Pλ (
Vdrive

ηVj
− Ψ(x)) 

 
where the total input power is Pin = (nVdrive)(mID). As 
expected, increasing the voltage overdrive or 

decreasing efficiency  increases waste heat Qtot 

for a given delivered optical power P. Regardless 
if they are LED or LD emitters, waste heat, not the 
optical maximum permissible exposure (MPE) 

criteria, limits the maximum optical power P of a 
source. 

Absorption. Promulgated by device 
manufacture advertising, numerous misconceptions 
persist regarding photobiomodulation, especially 
those discussing deep-tissue PBM therapy. Most 
notably a misbelief that higher power light should 
penetrate deeper (because laser light carries more 
energy) stems from a misapplication of Newtonian 
classical mechanics to quantum phenomena. Optical 

power P does not describe the quantized energy 
of any single photon, but only measures the total 
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number of photons being emitted in time, i.e. 
brightness. In non-ablative processes, laser power 
does not decide photon penetration depth 150, 151, 
just the quantity of photons emitted over time. 
Instead, penetration depth is probabilistic 152 based 

on wavelength λ (as per Planck-Einstein) and 

absorption properties of intervening tissues, not 

incident power P.  
That said, higher power lasers appear to go 

deeper because they deliver a greater number of 
photons to tissue more rapidly. In other words, given 

that Ptrgt (x) = trgt (x) P, an increase in the surface 

brightness P necessarily increases deep tissue 
irradiance Ptrgt (x) proportionally, even for short 
pulsed transients. The maximum surface brightness 

P is however limited by skin temperature. 
Delivering repeated high-power pulses requires 
longer intervening intervals for heat redistribution, 
needed to cool off. By contrast, lower power pulses 
deliver light more slowly but require less cooling 
time. Since average (not peak) power sets both 
PBM dose and skin temperature, lasers cannot 
safely supply a higher average power or dose than 
LEDs. Moreover, extremely short pulse durations 
may even reduce penetration depth 153 whenever 
photons lack adequate time to traverse intervening  
biotissue layers to reach a target organ. 

Coherency. Another point of contention for 
over thirty years is the role of light coherency in 
PBM. Once light enters the skin, biophysical material 
properties and scattering dominate photon 
propagation, not wave interference. According to 
Chen et al 154 coherency does not play significant 
part in beam spreading. Noting that biotissue 
includes structural inhomogeneities on the order of 
light wavelengths, the authors conclude 
“decoherence of the beam due to the biotissue can 
occur within micron-like distances.” As such, the 
benefit of laser light coherency is, in the most 
optimistic interpretation, limited to upper cutaneous 
layers. Other papers suggest if coherence is present, 
it confers no discernable photobiological benefit 96, 

102, 155. Even advocates of purported benefits of 
laser interference patterns called “speckles” 
acknowledge spatial coherence of an illuminating 
beam is lost to fluid flows 156 and blood perfusion 
157 in biological tissue, meaning coherency is 
relegated at most to the dermis, playing no role in 
deep-tissue PBM needed in the treatment of 
COVID-19. 

Monochromaticity. Another contested topic 
in photobiomodulation is the role and importance of 
monochromatic light. Specifically light sources can 
be divided into three general categories, namely 

broadband, narrow-band (quasi-monochromatic), 
and monochromatic light.  

The sun (and numerous lamps) releases a 
broad spectrum of wavelengths ranging from far-
infrared to ultraviolet. Known benefits of sunlight 
include improved immunity from cutaneous 
production of vitamin D, ionization (disinfection) of 
skin-borne pathogens (including coronaviruses), 
release of nitric oxide from epithelial stores 
(improving cardiovascular health), regulation of 
circadian rhythms, stress reduction, and a general 
feeling of well-being. Unfortunately, sunlight also 
includes ionizing radiation known to cause skin 
cancer. Excessive exposure to far infrared (FIR) 
radiation is also known to dehydrate tissue, 
damage skin collagen, and cause premature aging.  

The biggest problem with sunlight is only a 
small portion of its energy is radiated at medically 
beneficial wavelengths, a minute fraction of its vast 
spectral emissions. For example, delivering a useful 
dose of red and NIR light from sunlight requires a 
patient to also absorb excessive amounts of mid 
and far infrared EMR, with the risk of overheating. 
Reducing total exposure to avoid hyperthermia 
means the delivered dose of therapeutic 
wavelengths will become too low to stimulate PBM, 
especially in deep tissue.  

A better alternative is to employ a narrow-
spectrum emitter (a LD or LED) to deliver most 
energy at a specific range of wavelengths. If more 
than one wavelength is required the various colors 
can be administered sequentially rather than 
concurrently. Applicable for both lasers and LEDs, 
applying one-color at-a-time maximizes the 
therapeutic dose for each session while minimizing 
unwanted heating effects, thereby shortening 
treatment times.  

Comparing LEDs and LDs however reveals 
that laser light is purely monochromatic having a 

precise wavelength, λ ± 1 nm while LEDs exhibit 

spectra which is not. Instead, typical LED emissions 
span a 70 nm wide band, symmetrically surrounding 

a center value as λ ± 35 nm. In photochemistry, a 

broader spectrum source is able to stimulate more 
reactions than a single pure wavelength can. This 
principle is best understood by considering the 
transmembrane protein cytochrome-c (and its 
chromophore cytochrome-c oxidase), key units in the 
mitochondrial electron transport chain.  

Specifically, Karu 158, 159, 160 and others 161 
confirmed that cytochrome-c exhibits an action 
spectrum comprising four distinct peaks occurring at 
different wavelengths. Action spectra differ from 
simple optical absorption as it identifies 
wavelengths where photochemical reactions invoke 
metabolic or physiological change. As reported, 
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observed mitochondrial action spectra directly 
affects cellular metabolism including DNA and RNA 
synthesis, RNA transcription, protein synthesis, and 
protein attachment. Various action spectra have 
been identified in red (613-623 nm), far red (667-
684 nm) and near infrared regions including a first 
NIR band (750-772 nm), and a second longer NIR 
band (813-845 nm). These spectra, covering 80 nm 
in aggregate, are found to be associated with 
distinct oxidation states of copper active in 
metabolic processes.  

Capable of 70-nm wide spectral emissions, 
two LEDs are able to entirely match mitochondrial 
action spectra in both red bands and in one NIR 
band, thereby maximizing LED energy delivery to 
cytochrome-c chromophores. Monochromatic LDs by 
contrast, can only stimulate a tight 4-nm spectral 
width, less than 3% of LEDs. Moreover, since lasers 
operate at only precise wavelengths and cannot be 
tuned, there is no guarantee their emitted 
wavelengths will overlap and activate primary 
absorption peaks of cytochrome-c chromophores. 
From this perspective, a LED’s broader spectrum is 
advantageous over purely monochromatic laser 
light. 

Pulsing. The majority of PBM systems in use 
today are not continuous wave, but instead involve 
pulsed light. Numerous advantages of pulsed PBM 
have been reported 162 including increased 
mitochondrial metabolism, ROS generation, ATP 
production, stem cell activity 163; greater depth 
penetration 164; accelerated wound healing and 
attenuation of proinflammatory markers 165; as well 
as increased Ca2+ concentrations and autophagy of 
melanoma cells 166.  

Pulsing at certain frequencies is also 
reported to improve tissue-specific PBM efficacy in 
bone growth 167; enhancing neurological function 
168; treating oral mucositis 169, and improving 
outcomes of embolic stroke recovery 170. Pulsing 
also provides the ability to regulate PBM dose, 
average power, and skin temperature. While 
frequency dependent mechanisms of PBM are not 
fully understood mechanistically, reports confirm 
specific pulse frequencies exhibit more pronounced 
effects than others. Other studies suggest that 
pulsed light (laser or LED) penetrates deeper than 
continuous wave 171, 172 a phenomena unaccounted 
for by Monte Carlo analysis and potentially 
responsible for observed discrepancies between 
simulation and measurement. 

Using pulse width modulation (PWM), 
alternating durations of high brightness light 
emission are followed by brief intervals of darkness 
before repeating. By controlling the respective on 

and off times ton and toff as a fraction of a clock 

period T = ton + toff, the average irradiance and 
skin temperature can be set independently from the 
peak brightness of the light source. For example, by 
halving on-time within a fixed clock period, LED 
brightness can be doubled without affecting the 

average irradiance P. Defined by the relation D = 

ton / T, the duty factor D provides a dynamic means 
to control both average brightness and skin 
temperature. 

Although most commercial photonic 
applications (such as HDTV backlights and lamp 
dimmers) use fixed frequency PWM, in deep tissue 
PBM it is beneficial to modulate light pulse 
frequency in accordance with the physiological 
mechanisms of the targeted organ. This requires 

controlling both on-time ton and pulse frequency f. 
Since pulse frequency is the reciprocal of the clock 

period f = 1/T then D = ton f. The targeted deep-
tissue irradiance Ptrgt (x) is defined by 
 

Pλ A⁄ = DVj (
ID

A
) =  [tonf] [Vj (

ID

A
)]  

Ptrgt (x) A⁄ = Ψtrgt(x) (Pλ A⁄ ) 

 

where LED on-time ton, pulse frequency f and diode 
current ID are controlled by photonics and where 

trgt (x), , and Vj (as a function of ID) are 
determined by material properties.  

As shown in Figure 5, a sequence of 
alternating red and near infrared pulses applied to 
tissue results in a asymptotic rise in skin temperature 
173. The maximum skin temperature is self-limiting 
from homeostatic temperature regulation (blood 
perfusion, sweating, HR) and varies by individual 
with a peak temperature of 42.8 °C for a fixed 
50% duty factor. Measurements also confirm a 5% 
reduction in duty factor results in a 1 °C lowering of 
skin temperature.  

While the average irradiance for red LEDs 
is 8.5 mW/cm2, a higher flux rate for NIR LEDs of 
13.5 mW/cm2 produces the same steady-state 
temperature, supporting the premise that near 
infrared light penetrates epithelium to greater 
depths and results in a lower volumetric heat density 
than red light. These power densities are far below 
the maximum permissible exposure (MPE) levels of 
200 mW/cm2 for visible light and 730 mW/cm2 for 
infrared 174. Note also that because the clock 

period T is dynamically changing, maintaining a 
constant duty factor in variable frequency photonics 

follows the relation D = ton f. 
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Figure 5. Graph of several patient’s skin temperature in response to a variable frequency pulse string of 
alternating red and NIR light at a fixed 50% duty factor with average irradiances of 8.5 mW/cm2 and 
13.5 mW/cm2 respectively. Pulse chain (inset) is exemplary (time axis not drawn to scale). Graphic 
adapted from 173. 

Fluence (Dose, Energy). In PBM, fluence E 
measured in Joules (or E/A measured in J/cm2) 
represents the energy equivalent to the therapeutic 
dose of a PBM session, technically defined as the 
time integral of irradiance. In discrete form, the 
total deep-tissue fluence (at target depth x) is the 
sum of the flux of a number of sequential cycles of 
LED wavelengths, diode currents, pulse frequencies, 
and step durations Ti given by 

 

Ex A⁄ =  ∑[Ψi(x) Pλi A⁄

z

i=1

 ] Ti 

 
where the sum of i-steps of time Ti is the total 
treatment time Ttmnt. For a session of repeated pulses 

of a single wavelength 1, the total fluence on the 
skin’s surface is then simply the multiplicative 

product of the average surface irradiance P1/A 
and the total treatment time Ttmnt, or E0/A = 

(P1/A)Ttmnt. Since the skin is not the PBM target, 
deep tissue fluence is scaled by the transmission 

coefficient trgt (x) whereby Ex/A = trgt 

(x)(P1/A)Ttmnt. This equation is graphically 
illustrated in Figure 6 for red and NIR light at 

varying values of trgt (x) at 1%, 3%, and 5% of 
the surface flux. 
 
 

 

 
Figure 6. Graph (on left) represents deep-tissue fluence Ex/A (in J/cm2) of red and NIR therapy by treatment 

time varied parametrically for transmission coefficients trgt of 1%, 3%, and 5%. The 3D response surface 
(on right) illustrates the total aggregate dose of a 1-hour session comprising an even-duration of alternating 

red and NIR light as a function of red and NIR transmission coefficients trgt. Fluence calculations are based 
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on surface irradiances Pλ/A of 8.5 mW/cm2 and 13.5 mW/cm2 for red and NIR light respectively and 

surface dose of 40 J/cm2.
Bias conditions for red LEDs comprise 17 

mW/cm2 pulses at 50% duty factor having an 

average power of Pred = 8.5 mW/cm2. Bias 
conditions for NIR LEDs comprise 27 mW/cm2 pulses 

at 50% duty factor with average power PNIR = 
13.5 mW/cm2. Analysis reveals a 1% transmission 
factor (e.g. on the abdomen or atop thick adipose 
layers) requires more than one-hour treatments to 
meet a minimum recommended therapeutic dose of 
0.5 J/cm2. At 3% transmissivity (or better) e.g. 
treating the lungs or liver, 30 minute treatments 
easily achieve PBM target fluences. For 5% 
transmission (when treating the sinuses and AEC), 30 
minute fluences range from 0.8 to 1.2 J/cm2. 

In therapies comprising the alternating 
application of red and NIR light, separate 
wavelength fluences are additive where the total 
dose is given by 
 

Ex A⁄ = [Ψred(x)
Pλred

𝐴
] Tred

+  [ΨNIR(x)
PλNIR

𝐴
] TNIR  

 
with red and NIR light treatment times Tred and TNIR 

respectively. At x = 0 where red = NIR = 100%, 
the foregoing equation becomes E0/A = 

(Pred/A)Tred + (PNIR/A)TNIR describing the total 
fluence on the skin surface. If we assume Tred = TNIR 
= 30 min for a one-hour PBM session, the surface 
flux becomes E0/A = (15.3 + 24.3) J/cm2 = 39.6 
J/cm2. Because of attenuation, a higher surface 
dose is required in order to deliver suggested 
fluences to deep tissue and organs 175. 

By parametrically varying the red and NIR 

transmission coefficients red and NIR to simulate 
different pad placements and organs targets, 
deep-tissue PBM fluence can be represented as a 
3D response surface (see Figure 6). All fluences 
shown are area-normalized with units of J/cm2. For 
clarity, color graphical bands divide fluences into 
ranges of total dose including Ex/A<0.5 (green); 
0.5-to-1.0 (teal); 1.0-to-2.0 (violet), 2.0-to-3.0 
(blue); and 3.0-to-4.0 (red). Although the graph is 
not symmetric because of higher NIR LED output 
power, only transmissivities below 1% fail to meet 
the minimum target 176, 177 of 0.5 J/cm2. The energy 
shortfall can be adjusted by increasing the time of 
a therapy session to 80 minutes.  

Biphasic Response. Countless studies 
confirm the photobiomodulation is governed by the 
Arndt-Schultz curve 178, 179, 180, a response surface 
of efficacy as function of irradiance (i.e. power 

density in mW/cm2) and fluence (i.e. energy dose 
in J/cm2) revealing an optimum set of conditions for 
stimulating PBM. Excessive irradiance and fluences 
cause an inhibition of photobiomodulation and may 
altogether cancel the benefit of a treatment. 
Provided skin temperature is maintained at a safe 
level (below 43°C), an energy “overdose” during a 
PBM treatment has no known detrimental impact on 
health. This intrinsic safety characteristic is important 
in deep-tissue PBM where epithelial tissue overlying 
a PBM targeted organ necessarily absorbs a higher 
dose than the organ itself. Provided the organ 
receives a dose in the proper range, PBM benefits 
are manifest within the tissue target despite power 
losses in intervening dermal tissue.  

The Arndt-Schultz curve is asymmetric with 
respect to energy. Fluences below a PBM minimum 
threshold may fail to stimulate a noticeable 
physiological effect or beneficial outcome. The 
threshold for minimum irradiance, however, is less 
pronounced as photon penetration depth is not a 
function of power. To compensate, a lower 
irradiance light source can be applied for longer 
treatment time to reach the target dose 167 
provided the treatment time is reasonable. In 
essence deep-tissue PBM of visceral organs can 
employ longer session times in order to compensate 
for lower irradiance levels resulting from 
intervening tissue absorption. As red and NIR light 
are non-ionizing, no damage occurs in epithelium, 
even for extended duration therapy sessions and 
high PBM fluences. The ability to perform deep-
tissue transdermal and transcranial PBM without 
harming epithelial tissue (from overdosing or 
excessive temperatures) is an essential feature in 
the treatment of organs, tissue, nerves, and vessels 
affected by COVID-19.  

 
PHOTOBIOMODULATION OF COVID-19 

The efficacious application of photobio-
modulation in the treatment of acute and long 
COVID-19 involves a number of considerations 
involving quantum photobiochemistry; PBM 
mechanisms of actions, PBM modalities for COVID-
19, and patient outcomes therefrom.  

Quantum Photobiochemistry. For light 
absorbed by target tissues impacted by COVID-19 
(e.g. epithelium of lungs; sinus tissue and airway 
epithelial cells (AEC); liver; brain; intestines; 
reproductive organs; vascular endothelium; nerve 
tissue, lymph glands; etc.) several photobiochemical 
processes may result: (i) emission of conduction 
electrons stimulating electrochemical processes and 
neurological transduction; (ii) quantized absorption 
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causing transformational and bonding changes in 
molecules and enzymes; (iii) quantized stimulation 
of ion transport through ion channels, ion gates, and 
ion pumps (including TRP and cytochrome-c 
oxidase); and (iv) thermal absorption increasing 
molecular kinetics and vibration. In some cases, a 
low-energy photon may also be emitted 181 but the 
biochemical role or utility of secondary photon 
emission (biophotons), if any, is still highly disputed 
182.  

Among all of these processes, 
photobiomodulation is believed to depend mostly 
on the third category, specifically involving ion 
transport within CCO of the electron-transport chain 
of mitochondria 183, 184 involved in ATP generation 
and release of NO stores 185 especially in the 
modulation of cytochrome c as a measure of redox 
change 186. Counter-arguments suggest the 
important catalytic role of membrane-bound water 
(category ii) better explain PBM mechanisms 187 

especially at wavelengths over 1,000 nm. To better 
understand the mechanisms of PBM, it is important 
to consider the requisite energy to stimulate 
photochemical reactions.  

As shown in Figure 7, the photons energy of 
varying wavelengths are contrasted to the intrinsic 
energy contained in common organic molecules, 
most notably adenosine triphosphate (ATP) at 0.50 
to 0.55 eV. In quantum photobiochemistry, only 
photons with sufficient energy to stimulate electron 
state-changes can invoke a photobiochemical 
response. As depicted photons in the near infrared 
and red spectrum from 1,400 nm and shorter carry 
energies over 0.9 eV, enough to catalyze the 
synthesis of ATP and numerous polypeptides (even 
after accounting for entropic thermodynamic losses). 
Although the entire visible spectrum has sufficient 
energy to induce PBM, only red and infrared light 
are able to penetrate deep tissue into SARS-CoV-
2 infected organs.  

 

 
Figure 7. Infrared, visible and ultraviolet portions of electromagnetic spectrum contrasting photon energy 
to various the energy contained within various biomolecules including ATP illustrating the range of PBM 
activity. Molecular representations used under licenses from Molecular Science (stock.adobe.com); 
StudioMolekuul (Shutterstock.com); and public domain works (Mariana Ruiz Villarreal, LadyofHats, Jynto, 
Ben Mills). 

 
In summary, transdermal and transcranial 

deep-tissue photobiomodulation requires light to 
traverse the epithelium, dermal, and subdermal 
tissues, then penetrate parietal and visceral fascia 
to reach an organ target. As determined by 
wavelength (not brightness), photons must carry 
sufficient energy to exceed minimum requirements 
to stimulate electron energy transitions in 
transmembrane bound chromophores. Under 
principles of thermodynamics and conservation of 
energy, delivered and absorbed fluence must 

exceed the enthalpy of the photochemical reaction 
product after accounting for losses due to heat and 
entropy. This minimum energy budget requirement 
explains why red and NIR exhibit 
photobiomodulation while FIR (heat) does not. 

PBM Mechanisms of Action. The 
photochemical process by which chromophores 
respond to light depends not only on a photon’s 
energy, but on photobiochemical reactions specific 
to the chromophore’s molecular biology. Just as 
SARS-CoV-2 maximizes its opportunities for 
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infecting multiple organs by binding to the 
ubiquitous ACE-2 receptor, PBM is fortunate to 
invoke support from mitochondria, an organelle 
fundamental to biochemistry present throughout the 
biosphere and residing in virtually every cell in 
mammalian and human physiology.  

The incredibly complex and diverse roles of 
mitochondria in the chemistry of eucaryotic life 
transcend both plant and animal kingdoms. 
Responsible for the production of adenosine 
triphosphate (ATP) as the molecular power source 
for virtually all biochemical reactions, it is 
mitochondria (not cellular nuclei) that literally 
manage the birth, life, and death of cells. As an 
ancient organism predating eukaryotes, 
mitochondria contain numerous chromophores (many 
of which remain undiscovered at the time of this 
writing). Especially suited for directly assimilating 
light, mitochondria convert photon energy into ATP, 
promoting cellular replication and ensuring 
cytological viability while repelling environmental 
and viral adversaries. As an organelle in plant and 
animal cells, PBM directly imparts energy into tissue 
without carbohydrate intermediaries. 

The effects of PBM depend on the 
wavelength of light being absorbed, the pulse 
frequency of the modulation, and the tissue in which 
the cells are located. Specifically, 
photobiomodulation of mitochondria includes direct 

and indirect effects on cellular metabolism, 
respiration, and bioenergetics; cell growth 
(proliferation, migration, differentiation); cell life 
cycles (mitosis, autophagy188, apoptosis, pyroptosis 
189, necrosis, phagocytosis); regulation of 
intracellular ion concentrations (as mediated 
through TRPs, cation channels, and anion pores); and 
by homeostatic regulation of divalent calcium 
(Ca2+), cyclic AMP 190, protein kinases 191, and other 
forms of intracellular signal transduction 177.  

One key mitochondrial chromophore in 
photobiomodulation is cytochrome-c oxidase (CCO), 
the 4th functional group of transmembrane protein 
cytochrome-c. As part of the electron transport 
chain, CCO controls mitochondrial membrane 
potential (MMP) 192 which in turn regulates ATP 
production via complex V (an ion channel commonly 
referred to as ATP synthase 193). In addition to 
controlling MMP and ATP synthesis, CCO controls 
the release of reactive ion species (ROS) and 
sequestered nitric oxide (NO); cellular 
communication and retrograde signaling; nuclear 
transcription factors (NTFs); gene expression 
(transcription) and epigenetic regulation 194; protein 
synthesis (translation); protein attachment; and 
more. Exemplary mechanisms (albeit in 
abbreviated detail) are represented schematically 
in Figure 8. 

 

 
Figure 8. Photobiomodulation of cytochrome-c oxidase includes mechanisms resulting in generation of ATP, 
ROS, NO and Ca2+ influencing signaling, nuclear transcription factors (NTF), transcription, translation, 
and gene regulation including expression of various growth factors. Organelles and molecular 
representations used under licenses from Snailstudio (shutterstock.com); PDB-101 (CC 4.0); and public 
domain works (PixelCraft Design, Ben Mills, Jynto). 

As depicted, photobiomodulation of CCO 
generates and regulates a variety of biomolecules 
including reactive oxide species (ROS), adenosine 

triphosphate (ATP), and nitric oxide (NO). As a self-
regulating process the magnitude of 
photobiomodulation depends on a treated cell’s 
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oxidative stress (and possibly its pH 159, 195), where 
compromised cells exhibit a more pronounced 
photochemical response than healthy ones. Although 
reactive oxide species are harmful if persistent, in 
bursts of limited duration they perform a protective 
function of an anti-infective at the molecular level. 
Other effects of ROS release involve cellular 
signaling stimulating nuclear transcription of immune 
cells, regulating redox states of NAD+/NADH 196 
and NADP/NADPH 197, balancing the NADH/FAD 
redox ratio 198, and adjusting divalent calcium 
levels in response to prolonged or excessive 
oxidative stress. 

PBM also dissociates sequestered NO from 
CCO 185 diminishing the molecule’s inhibitory 
regulation of the electron transport chain, and 
increasing the mitochondrial membrane potential 
(MMP). A higher MMP promotes greater ion 
transport through ATP synthase increasing 
production of ATP, accelerating cellular metabolism, 
and elevating cyclic AMP levels. MMP also 
regulates transmembrane ion transport and proton 
leakage through mitochondrial permeability 
transition (MPT) pores, mitochondrial inner 
membrane anion channels (IMAC), and others 197.  

Aside from facilitating negative feedback 
in MMP (voltage) regulation, NO (the smallest 
signaling molecule) modulates transcription factors 
binding cis-regulatory genes in response to 
microenvironmental dynamics 199. As such, NO plays 
a crucial role not only in cellular kinetics, but in 
endogenous defense against cell stress, hypoxia, 
and disease states. Anti-infective mechanisms 
include inhibition of ribonucleotide reductase 
(suppressing viral replication and proliferation) and 
upregulation of anti-viral heat shock proteins 200. 

Beyond their direct photochemical 
involvement, ROS, NO, and ATP function as 
precursors to transcription factors controlling blood 
perfusion, innate and adaptive defense, wound 
healing, and homeostasis. As shown, PBM induced 

ROS bursts trigger activation of NF- eucaryotic 
nuclear transcription factors controlling immune and 
inflammatory response, cellular growth and 
development, and apoptosis. PBM activation of Jun 
and Fos genes 186 control transcription through the 
DNA-regulatory activator protein-1 (AP-1) binding 
site. Proteins coded by Jun-Fos genes are capable 
of both stimulatory and inhibitory regulation of 
transcription.  

Aside from its role in tumor suppression, AP-
1 is now recognized as a regulator of bone and 
immune cells, and in managing cytokine expression 
and B-cell receptor modulation in inflammatory 
diseases (rheumatoid arthritis, psoriasis, psoriatic 
arthritis, and COVID-19) 201. Animal in vivo models 

of immune response to red and NIR PBM include 
upregulation of anti-inflammatory cytokines (such as 
IL-10) and a corresponding decline in mRNA 
expression of pro-inflammatory cytokines, iNOS, 

and COX-2 202, likely through the NF- signaling 
pathway 203. PBM is also known to upregulate heat 
shock proteins (HSP) such as Hsp70 known to 
interfere with viral translation and inhibiting 
thrombus formation 204. Other PBM induced 
immunity to COVID-19 arises from increased 
macrophage and microglia activity. 

As a potent regulator of innate and 
adaptive immune cell functions, cAMP (derived from 
ATP) represents a powerful therapeutic target in the 
treatment of inflammatory and autoimmune 
diseases (including acute and long COVID-19) by 
dynamically balancing pro- and anti-inflammatory 
mediators 205,190 including regulation of 
granulocytes (neutrophils, eosinophils, basophils); 
dendritic cells; NK cells, macrophages; monocytes, T 
and B cells; T-cell regulators; and epithelial cells. 
The modulation of cyclic AMP by cellular Ca2+ 
cations stimulate transcription of T-cells via cAMP-
response elements (CRE) through the associated 
transcription factors CREM and CREB. The CRE 
targeted transcription factors play key roles in 
immune function and spermatogenesis (aka survival 
genes) 206, 207. 

Physiological benefits of CCO PBM include 
anti-infective mechanisms of ROS and innate 
immune response; reduced inflammation (via 
interleukins, macrophages, immunoglobins 208; and 
anti-inflammatory cytokines 209) in visceral and 
respiratory epithelium and in vascular endothelium 
210. The anti-inflammatory benefit of PBM is 
especially critical in COVID-19 disease to combat 
hyperinflammation of the lungs and bronchia 
causing congestion, edema, and hypoxia.  

Another unique ability of PBM is improved 
circulation, a key factor in the treatment of acute 
and long COVID-19. Deep-tissue PBM treatment of 
the sinuses, airways, lungs, liver, and spleen 
dramatically enhances blood perfusion, SpO2 and 
tissue oxygenation while reducing blood viscosity 
211 and thrombotic risk. Numerous mechanisms are 
involved in PBM circulation benefits including (i) 
vasodilation from increased NO levels 212, (ii) 
reduced endothelial inflammation 210, (iii) improved 
cardiopulmonary oxygen exchange efficiency, (iv) 
temporary inhibition of platelet activity 213, (v) 
reduced blood viscosity 211, 214, and (vi) increases in 

the zeta (ζ) electrokinetic potential on erythrocytes 

(increasing charge repulsive forces) 215, 216, 217. NIR 
PBM has also been reported to the osmotic frailty 
of red blood cells, even during hemodialysis 218, 219. 
Another potential (as yet unverified) mechanism is 
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PBM restoration of normal angiotensin homeostasis, 
possibly degrading the SARS-CoV-2 spike protein 
to prevent ACE-2 bonding. Vasodilation is also 
observed in the glymphatic system of the CNS 
involving enhanced lymph fluid perfusion 220. 

Other PBM benefits include ATP 
accelerated tissue repair (including activation of 
neutrophils, fibroblasts 221, and phagocytes); and 
regulating adaptive immune response to prevent a 
cytokine storm. PBM induced wound healing includes 
fibroblastic proliferation and remodeling of 
visceral epithelium, reduced inflammation of 
vascular endothelium, angiogenesis, and removal of 
cellular debris. PBM has also be used to counter 
nerve damage in the sinuses, the cranial nerves 
(including the olfactory and gustatory sensory 
nerves), and the brain by repairing sensory 
receptors (ion channels) or by replacing damaged 
neurons altogether through apoptosis and 
neurogenesis. The improvement of long COVID 
symptoms of brain fog, depression, and mental 
health deficits through transcranial PBM has also 
been attributed to improved circulation and neural 
connectivity 222. 

Aside from the role of CCO and 
mitochondria, other organelles and cells may be 
involved either directly or indirectly in 
photobiomodulation including endoplasmic 
reticulum (ER), stem cells 192,195, and mast cells. 
Although currently no PBM chromophores have been 
identified in ribosomes, Golgi apparatus, and 
various immune cells, their potential involvement 
cannot be eliminated. Other ion channel 
chromophores (e.g. opsins) operate at wavelengths 
outside the transparent optical window and are 
therefore not candidates for deep-tissue PBM. 
 
Deep Tissue PBM Modalities for COVID-19 

PBM Therapy of Acute COVID-19. Given 
the foregoing analysis, a therapeutic regimen for 
the safe efficacious treatment of acute and long 
COVID-19 patients using deep-tissue 
photobiomodulation was developed. By adapting a 
therapeutic strategy routinely used in the successful 
treatment of inflammatory respiratory diseases such 
as acute respiratory distress syndrome (ARDS) and 
cardio obstructive pulmonary disorder (COPD), and 
in treating tenacious autoimmune and 
immunosuppressive diseases (including lupus, Lyme, 
RA, and H1N1), the acute disease PBM protocol 
adopts the principal of concurrently treating the 
body systemically while delivering tissue-specific 
therapy to infected organs, specifically those 
expressing a high density of ACE-2 receptors.  

In acute phase COVID-19 infections, tissue 
and systemic targets can be treated concurrently 

during a single session 60-minute session with a 600 
cm2 LED pad set placed anteriorly across the lungs, 
heart, and thymus, and a second pad set 400 cm2 
pad set positioned across the face and sinuses. Each 
pad in a pad set contains arrays of red (650 nm) 
and near infrared (850nm) LEDs contained in 
reconfigurable 3D bendable aseptic polymeric 
pads designed to conform to body contours.  

To maximize tissue specificity to mucosal 
tissue of the bronchia and AEC (airway epithelial 
cells), the PBM therapy employs algorithmically 
sequenced red and NIR LEDs using variable-
frequency pulsed modulation with independent 
duty-factor based temperature control. PBM 
therapy may be performed by manually executing 
a sequence of four separate treatments or 
alternatively selecting a single fully-automated 
OneTouch™ session (feature on Applied 
BioPhotonics Mark II models only). Recommended 
treatment schedules for acute COVID-19 comprises 
a one-hour PBM session every other day. 

Long COVID PBM Therapy. Post acute 
COVID or long COVID presents a laundry list of 
conditions across the full spectrum of physiological 
systems 223, 224. In particular chronic respiratory 
symptoms 225 include persistent dyspnea, coughing, 
chest pain, pulmonary fibrosis, and various 
pneumonias (UIP, extrinsic allergic alveolitis) and 
fever. Bronchial scarring can also require regular or 
perpetual oxygen supplementation.  

Significant deficits in circulatory function 
are also common. Presentations include chest 
tightness, numbness, hypertension, stroke, 
thromboembolism 226, arrhythmia 227, myocardial 
damage, heart failure, myocarditis 228, and 
inflammatory heart disease. Heart symptoms persist 
in 10% of patients with long COVID 229. Patients 
with heart-related long COVID also exhibit a 20% 
decrease in their coronary arteries' ability to 
vasodilate 230. 

Digestive symptoms of long COVID 
syndrome 231 include diarrhea, stomach pain, acid 
reflux, liver dysfunction, acute pancreatitis, irritable 
bowel syndrome, stomach and intestinal ulcers, and 
acute kidney injury (AKI). Genitourinary long-
COVID symptoms include COVID associated cystitis 
(CAC) 232; lower urinary tract symptoms (LUTS) 
absent bacterial infection; urinary incontinence (UI); 
hematuria (urinary blood); acute genital ulcers, 
lesions, and rashes (with negative exudate bacterial 
cultures and herpes simplex virus PCR tests) 233. Long 
COVID impact on reproductive organs 234 includes 
testicular pain, erectile dysfunction, hypogonadism, 
and reduced sperm count in biological males; and 
premature ovarian failure, reduced oocyte quality, 
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abnormal menstruation and bleeding, and infertility 
in females.  

Reported post COVID neurological 
manifestations 235 include chronic pain and neuritis, 
cognitive deficits, inability to concentrate, brain fog, 
malaise, confusion, sleep disorders, dizziness, 
tinnitus, aphasia, and degraded sensory perception 
(anosmia, ageusia, PVL). Emotional and psychiatric 
sequelae 236 may also result including depression, 
anxiety, and post traumatic stress disorder (PTSD). 
More recently its was discovered psychological 
stress is not only a symptom of long COVID but a 
risk factor 237. 

Treatment of long COVID-19 conditions can 
be divided into four categories: (i) transdermal PBM 
of visceral organs, (ii) transdermal PBM of central 
and peripheral nerves, (iii) transcranial PBM of the 
brain and cranial neuroendocrine organs, and (iv) 
systemic PBM. Each category involves a different 
sequential protocol with specificity for epithelium, 
endothelium, or nerve tissue. PBM of visceral organ 
targets include lungs, heart, liver, kidneys, glands, 
intestines, and reproductive organs.  

Nerve therapy used to ameliorate long 
COVID related neuralgia, muscle cramping, organ 
pain, paresthesia, neuropathic pain, and 
fibromyalgia involves pad placement targeting 
major nerves of the autonomic and somatic nervous 
systems including the spine, the vegus nerve, and 
major peripheral nerves (such as the sciatic and 
lumbosacral plexus nerves). It should be noted viral 
damage to spinal, cranial, and peripheral nerves 
can deceptively present symptoms of muscular or 
organ pain even if the organ itself is undamaged. 
Transcranial PBM of long COVID employs primarily 
NIR light using protocols adapted from over a 
decade of treatment experience for stroke, mTBI-
concussion, and Alzheimer’s dementia (AD).  

Systemic PBM involves modulating the 
immune, endocrine, and neuroendocrine systems by 
concurrently stimulating principal organs. By placing 
three LED pads along the anterior central core 
(referred to as the Schell central core) from under 
the throat along the sternum onto the stomach, most 
significant organs involved in immuno-hormonal 
regulation can be modulated in a single 60-minute 
PBM session (including the thymus, thyroid, 
parathyroid, major lymph nodes, esophagus, 
trachea, lungs, heart, stomach, liver and spleen). 
Protocols are discussed in Part II. 
COVID-19 Clinical Case Studies  

Whole-organ PBM Backstory. In mid-
March of 2020 one month after confirmation of 
COVID-19 disease 238, Applied BioPhotonics 
urgently published a newsletter to its community of 
device owners 239 proposing an anti-inflammatory 

anti-infective protocol for treating the newly 
isolated SARS-CoV-2 coronavirus with its PBM. 
Based on extensive experience in treating 
inflammatory diseases (including SARS, HIN1, 
COPD, ARDS, and pneumonias), the protocol 
employed pad placements shown in Figure 9 
delivering concurrent therapy of the sinuses (with 
two available options) and the immune system 
(placed along the Schell central core). 

 
However, after a review of pulmonary 

radiographic data revealed a high degree of multi-
focal ground glass opacity and dense bilateral 
peripheral consolidation 240, recommended LED 
pad orientation on the chest was rotated 90° 
transversely to maximize coverage of the lungs. The 
revised PBM protocol underscored for the first time, 
the importance of whole-organ photobiomodulation 
as a modality to prevent intrabronchial reinfection.  

Throughout 2020 in the absence of 
therapeutics and vaccines hospitals overflowed and 
symptomatic patients, afeard of visiting hospitals or 
clinics, sheltered-in-place avoiding public contact at 
the expense of deferring professional medical care. 
With the contagion rapidly spreading to front line 
health care workers, over a dozen physicians and 
therapists in our community soon contracted COVID-
19. Unlike the general population, however, those 
doctors with experience using deep-tissue PBM 
were able to perform self-treatment. Following the 
suggested protocol, reports of favorable outcomes 
with full recovery in 3-to-5 days defied all 
expectations.  

COVID PBM Case Studies: Soon thereafter, 
the same community of physicians started 
performing ambulatory therapy on patients unable 
or unwilling to seek hospital admission. In 
accordance with compassionate care standards for 
medical caregivers, all requesting patients’ 
treatment whether asymptomatic, mildly 
symptomatic, and severely ill; tested or not; were 
administered whole-organ deep-tissue PBM 
therapy free-of-charge. Patients were treated 
using hands-free application of 3D conforming LED 
pads while maintaining separate enclosures (with 2-
meter-long cabling). As such no doctors became 
infected delivering this service. The outcome 
reported in 111 showed 50/50 patients recovered 
from acute symptoms within three days of 
commencing PBM and with the vast majority of the 
population recovering fully within 5 days. Untested 
symptomatic and asymmetric patients in direct 
contact with COVID infected family members were 
also treated, none of whom presented active 
COVD-19 symptoms. Moreover, no PBM treated 
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patient ever developed long COVID symptoms or 
required supplemental oxygen. 

The results inspired another group of 
doctors in a Taiwan hospital to repeat the 
procedure except with the benefits of full 
diagnostics including x-Rays, blood tests, and 

patient monitoring records (oxygen use, vitals). The 
study similarly 241 confirms beneficial outcomes of 
the test group and contrasts them to patients who 
did not receive PBM with less favorable outcomes. 
More details of the Taiwan study are discussed in 
Part II. 

 
Figure 9. Preliminary LED pad recommendation (as per 14 Mar 2020) for treating COVID-19 with 
deep-tissue whole organ PBM comprising a anti-infective, anti-inflammatory protocol 239. After 
reviewing chest x-Rays, suggested chest pad orientation was rotated by 90° to maximize coverage of 
the lungs. 

PBM of Long COVID Cases. Over 200 
patients have received whole-organ deep-tissue 
PBM therapy for long COVID by doctors and 
therapists. Treated patients include those 
experiencing a wide range of metabolic, 
neurological, and multi-organ syndromes. Reported 
results of deep-tissue transdermal and transcranial 
PBM include restored breathing, elimination of 
COVID-related chronic pain, restored mobility, 
cessation of brain fog, improvement in memory 
recall and executive function, recovery of gut health 
eliminating digestive distress, metabolic 
improvements with reduced fatigue and malaise, 
and improved psychological state-of-being. A full 
description of the work remains unpublished at this 
time (manuscript in preparation) but a sample of 
patient cases are included in Part II. The prognosis 
for the treatment of long COVID is favorable. 

 
DISCUSSION 

In the year 2020, the emergence of the 
highly-transmissible SARS-CoV-2 virus rapidly 
spread uncontained into a deadly global pandemic. 
Easily passed though human contact, the poorly 
understood COVID-19 disease exhibited 
presentations of a multisystem inflammatory 
syndrome of the respiratory, circulatory, and 
immune systems, exacerbated by the virion’s 
proclivity for RNA insertion through the ubiquitous 

and pervasive ACE-2 receptor (a widely distributed 
protein critically involved in local homeostatic 
regulation of angiotensin and organ blood 
pressure). Without the prospect for inoculation and 
lacking any known pharmacological interventions to 
manage the severity of infection, doctors were 
forced to turn to evidence-based medicine 242 to 
identify modalities for providing symptomatic relief 
and compassionate care for families desperately 
seeking options. 

Although not widely available at the time, 
one such intervention was photobiomodulation, the 
transdermal application of red and near infrared 
light already established to exhibit anti-
inflammatory, anti-infective, and pro-circulatory 
properties well matched to the very symptoms 
COVID-19 manifests. With profoundly successful 
results in early trials and lacking other therapeutic 
options, physicians deemed it inappropriate (or 
even unethical) to deny care to any of their patients 
seeking PBM treatments. As such, pioneering doctors 
using photobiomodulation (generally in ambulatory 
care) to treat COVID-19 during its outbreak, had 
neither the opportunity nor the volunteers willing to 
participate in randomized clinical trials by putting 
a control group at lethal risk.  

Later, limited population trials (generally 
treating newer less lethal variants of the virus) 
statistically confirmed the benefits of using PBM in 

https://esmed.org/MRA/index.php/mra/article/view/4029


               
 
         

 

 
Medical Research Archives |https://esmed.org/MRA/index.php/mra/article/view/4029  25 

The Emerging Role of Photobiomodulation in COVID-19 Therapy – Part I: Deep-Tissue 
PBM Modality and Regimen for Treating SARS-CoV-2 Infections 

the treatment of COVID-19 in all stages of disease 
progression 243,244,245. Other larger empirical 
studies, although lacking any control group, were 
compelling because of statistical significance with 
50 of 50 patients experiencing relief of all acute 
conditions within 3 days of PBM treatment 111, 
irrespective of the severity of their condition at the 
time of treatment. Intubated and ventilated patients 
were not included in the study (as they were 
hospitalized and unavailable for outpatient 
treatment). Finally, numerous studies confirm by 
pulmonary radiography and blood analysis that 
PBM rapidly results in clearance of lung 
inflammation and significant declines in 
inflammatory markers 241. These and other trial 
results are discussed in Part II of this paper. 

Unanswered questions in the application of 
photobiomodulation for treatment of COVID-19 
disease therefore focus not on “if” PBM works, but 
more importantly “how does it work”. As discussed 
throughout this paper to treat internal organs and 
glands with deep-tissue PBM (i) light must penetrate 

the air-to-skin interface without significant optical 
power loss (i.e. light incident perpendicular to the 
skin’s surface); (ii) light must comprise a wavelength 
in the red and near infrared spectrum in order to 
traverse cutaneous and fascial tissue to reach 
visceral organs; (iii) light must carry sufficient 
energy to modulate mitochondrial CCO and 
generate ATP (for which red and NIR do); and (iv) 
the total fluence at depth determined by the 
product of irradiance and time must be sufficient to 
invoke a substantial PBM response. 

Despite inconsistencies in the reported 
absorption and scattering properties of various 
cutaneous, subcutaneous, and fascial layers 
covering visceral organs, an integrated model of 
deep tissue fluence and PBM response is presented 
herein. As shown in Figure 10, the model confirms 
that to achieve a dose exceeding 0.5 J/cm2 within 
the lungs or other visceral organs, a surface fluence 
of 40 J/cm2 is necessary to compensate for the 
optical attenuation of intervening tissue.  

 

 

 

Target surface fluence can be achieved 
using pulsed light at either high or low duty factors, 
where the maximum brightness is determined by the 
time-average or steady-state temperature of the 
skin being limited to below 43°C, not by peak 
brightness during diode conduction. As such scanned 
lasers and LED pads are equally applicable for 
deep-tissue PBM with the caveat that impinging 
light must be perpendicular to the skin in order 
penetrate subdermally. Practically speaking, 

orthogonal illumination means laser scanning angles 
must be limited to no more than 30° off axis and an 
LED pad must be bendable in three dimensions to 
conform to body contours. 

Other interesting observations from this 
study suggest in accordance with the Arndt-Schultz 
biphasic model, peak PBM activity occurs in the 
subcutaneous layer populated by blood vessels, 
thereby conferring an added benefit of reduced 
endothelial inflammation; lower blood viscosity and 

 
 
Figure 10. Depth profiles of optical fluence 
in the integument for a red-NIR blended 
surface energy of 40 J/cm2. In accordance 
with Arndt-Schultz biphasic response, high 
doses in the dermis are inhibitory with PBM 
stimulation occurring deeper in visceral 
organs and secondarily in the highly 
vascularized lower subcutaneous tissue 
layers. 
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reduced thrombosis; vasodilation; a lowering of 
local blood pressure; increased SpO2, and an 
overall systemic increase in tissue oxygenation. 
Notice too that epidermal and dermal layers do not 
participate in or benefit from deep-tissue PBM 
regimens.  

While the prognosis for the use of deep-
tissue photobiomodulation in the treatment of acute 
and long COVID-19 and other inflammatory 
disease is encouraging, many questions involving 
the mechanisms within visceral organ epithelium and 
deep vascularization remain unanswered. 
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