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Abstract. 

Laser use in the disciplines of clinical dentistry, oral surgery and oral medicine have 

developed during a period of over 30 years. During that time, from a rudimentary base of 

non-awareness of the scientific processes involved or scope of possible application, the 

knowledge and understanding of lasers has grown and benefitted from structured 

research, postgraduate courses and qualifications. Both the sophistication and scope of 

use of laser photonic energy has increased significantly, to the extent that lasers can be 

incorporated to benefit almost all areas of patient-centred clinical dentistry. Research into 

laser-assisted therapies has reinforced the importance of “light dose” in order to maximise 

the benefits of applied coherent, monochromatic light energy to a given procedure, while 

minimising the risk of conversion of excessive energy into collateral thermal damage. 

This thesis by concurrent publication provides a thorough examination of both ablative 

surgical laser-tissue interaction and sub-ablative photobiomodulation. The importance of 

achieving accurate light-dose levels of irradiation of oral hard and soft tissues remains 

fundamental to delivery of appropriate laser therapy whilst minimising the risk of 

collateral damage to adjacent, non-target oral hard and soft tissues. As demonstrated 

through published systematic reviews, it is significant to note the absence of full operating 

parametry in many peer-reviewed published studies; such omission compromises the 

opportunity to achieve accurate laser applications that are chosen as adjunctive to a 

clinical procedure. In addition, the consequence of poorly or inaccurately calibrated optic 

fibre photonic delivery, as the method of choice with visible and near infra-red 

wavelength “diode” lasers, may compromise the intended outcome of a clinical 

procedure; taken as a component of a poorly designed study, such errors may distort the 

development of laser-assisted therapy through inaccurate data acquisition and 
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interpretation arising out of calibration errors. Once receiving peer-reviewed publication, 

any reference incorporating laser use helps define the expansion of knowledge and use 

for the clinician; there is a consequent responsibility to ensure that published studies that 

directly affect clinical application of laser use are fully detailed, to avoid subsequent 

misinterpretation and maltreatment. 

A further area of concern remains the persistence in attribution of post-surgical healing 

phenomena, by way of photobiomodulation to those laser wavelengths solely within the 

“optical window” range of 650 – 1350 nanometers. Both clinical and underlying 

biochemical data support the concept of “uneventful healing” with all laser wavelengths 

in dentistry, and exploration of key biochemical processes provide testimony to both 

photo- and possible thermo-biomodulation actions that follow laser irradiation. 

Through examination of the many potential errors that may affect post-irradiation 

outcome, it is concluded that the risk would appear of greater significance with lower, 

photobiomodulation (PBM) fluences. The small difference between benefit and non-

benefit with PBM, either as a stand-alone therapy or adjunctive to a surgical laser 

procedure, defines a perspective that underlines the balance of this thesis.           
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or 810nm (right) diode laser. Equable average power parameters. Clinical                                    

images of the 445nm laser system, courtesy of Dr E. Anagnostaki.                    Page 204 

Figure #9: Similar benign lesion removal, using the Er:YAG (2940nm)                                          

laser (left) and the 10,600nm CO2 laser (right). Peri-operative and post-                                     

operative appearances in both cases appears to show uneventful outcome.        Page 205 

Figure #10: A three-case comparison of laser-assisted soft tissue ablation                           

adjunctive to 2nd stage implant recovery / restoration. The use of the                                          

810nm GaAs diode laser (left) appears to deliver precise surgical incision and 

haemostasis, while demonstrating evidence of PBM effects, post-surgery.                                 

There is consistent similarity when longer 2940nm erbium YAG and                                      

10,600nm CO2 laser wavelengths are used.                                                        Page 206 

Figure #11: Schematic of the visible / NIR – FIR EM spectrum. Those                            

wavelengths outside the optical window are circled in red.                               Page 207 
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Figure #12: Examples of various dental laser wavelengths and their                                                

PBM or PBM-like effects on cellular  structure.                                                Page 210 

Figure #13: Extended graphic representation of relationship between                                        

applied radiant exposure (fluence) and biological response. Copied with                              

permission from Ref. [123]: Cronshaw, M., Parker, S. and Arany, P. (2019).                          

Feeling the Heat: Evolutionary and Microbial Basis for  the Analgesic                             

Mechanisms of Photobiomodulation Therapy. Photobiomodulation,                              

Photomedicine and Laser Surgery, 37(9), pp.517–526.                                 Page 212 

Figure #14:  Image of bench-top exercise using thermographic camera to                                   

record various applied laser wavelengths and thermal rises observed at in                                    

vitro tissue thicknesses of 1.0–5.0 mm (courtesy of Dr M. Cronshaw).         Page 216 
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Notation 

 

µa Absorption Coefficient 

µm  Micron 10-6 metres      

µSec Microsec 10-6 Seconds 

1O2 Singlet Oxygen 

ADP Adenosine DiPhosphate 

ANCOVA Analysis Of COVAriance 

ANOVA ANalysis Of Variance 
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ANSI American National Standards Institute 

AP-1 Activating Protein-1 

aPDT Antimicrobial PhotoDynamic Therapy 

ATP Adenosine TriPhosphate 

c    Speed of Light 300 x 106 msec -1 

CCO (CoX) Cytochrome C Oxydase 

CHA Carbonated HydroxyApatite 

CO2 Carbon Dioxide 

CoQ Coenzyme Q 

CT Connective Tissue 

CW Continuous Wave 

DNA DeoxyriboNucleic Acid 

e  Euler’s number 

EM    Electromagnetic Spectrum 

ENT Ear, Nose and Throat 

Er,Cr:YSGG Erbium Chromium Yttrium Scandium Gallium Garnet 

Er:YAG Erbium Yttrium Aluminium Garnet 

ETC Electron Transport Chain 

eV Electron Volt 
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FIR    Far Infra Red 

Fluence Radiant exposure / Energy density (Jcm-1) 

FRP Free Running Pulsed 

GaAs Gallium Arsenide (diode) 

GaN Gallium Nitride (diode) 

h    Planck’s Constant = 6.626068 × 10-34 m2 kg / s 

HA HydroxyApatite 

Hz Hertz (frequency) 

IEC International Electrotechnical Committee 

IL-1 Interleukin 1 

InGaAlP Indium Gallium Aluminium Phosphide (diode) 

InGaAsP Indium Gallium Arsenide Phosphide (diode) 

InGaN Indium Gallium Nitride (diode) 

Irradiance Radiant power / Power density (Wcm-1) 

J Joule (energy) 

KTP Potassium Titanyl Phosphate 

LASER  Light Amplification by the Stimulated Emission of 

Radiation 

LSM Least Mean Square 
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MASCC/ISOO Multinational Association of Supportive Care in Cancer 

and International Society of Oral Oncology  

MASER  Microwave Amplification by the Stimulated Emission of 

Radiation 

MeSH Medical Subject Heading 

MIR    Mid Infra Red 

mj Millijoule 

mjpp Millijoule per pulse 

ml Millilitre 10-3 litre 

mm Millimetre 

mRNA Messenger RiboNucleic Acid 

MRONJ Medication Related OsteoNecrosis of the Jaws 

mW milliWatt (power) 

NAD(H) Nicotinamide Adenine Dinucleotide (NAD) + hydrogen 

(H) 

Nd:YAP Neodymium Yttrium Aluminium Perovskite 

NF-kB Nuclear Factor Kappa B 

NIR    Near Infra Red 

NM    Nanometer 10-9 metres 

NO Nitric Oxide 
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OM Oral Mucositis 

OTM Orthodontic Tooth Movement 

PBM PhotoBioModulation 

PBMT PhotoBioModulation Therapy 

PGE2 Prostaglandin G2 

PRISMA Preferred Reporting Items for Systematic Reviews and 

Meta-Analyses 

q-PBM Quasi-PhotoBioModulation 

RCT Randomised Clinical Trial 

RNA RiboNucleic Acid 

ROB Risk Of Bias 

ROS Reactive Oxygen Species 

SDH Succinate DeHydrogenase 

SEM Scanning Electron Micrograph 

SMA SubMiniature Assembly (fibre connector) 

TGF-β1 Transforming Growth Factor β1 

TMJ TemporoMandibular Joint 

TMJDS TemporoMandibular Joint Dysfunction Syndrome 

TRP Transient Receptor Potential 
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W Watt (power) 

βFGF Basic Fibroblast Growth Factor 

π Pi (3.14159) 

πr2 Area of a circle 

𝐕 =
𝟒

𝟑
  πr3 Volume of irradiated tissue 

𝜆 Wavelength (lambda) 
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Preface to the Thesis by Concurrent Publication Format 

 

This thesis is presented by the route of concurrent publication, whereby published 

research apers that represent an interconnected approach to the study’s core research 

questions are substituted for conventional thesis chapters. The papers are presented in the 

form in which they were published, and thus the formatting styles specific to each journal 

is maintained. The thesis is supported by a theoretical and critical narrative to 

contextualise the research papers and discuss the overall findings.              

___________________ // ______________________ 

 

 

 



28 | P a g e  

 

Chapter 1: Introduction 

• Overview of the development of laser technology and wavelengths that have been 

utilised in delivery of adjunctive therapy in dentistry. 

• Exploration of laser operating parameters and how they may influence prospective 

laser-tissue interaction 

• Challenges posed by the anisotropic nature of oral tissue consequent to irradiation 

and interaction with coherent light. 

• Range of interactive outcomes of laser photonic energy and application specific 

to therapies within clinical dentistry. 

• Overview of laser-tissue interaction as published in Paper #1: Parker S, 

Anagnostaki E, Mylona V, Cronshaw M, Lynch E, Grootveld M. (2020). Current 

Concepts of Laser–Oral Tissue Interaction. Dentistry Journal, 8, 61; 

doi:10.3390/dj8030061.  

• Collectively, the combination of applied laser photothermolysis, adjunctive PBM 

effects and stand-alone PBM therapies has allowed the scope and value of laser-

assisted clinical dentistry to attain considerable application in modern clinical 

dentistry. 

1.1 Background to laser use as pertaining to clinical dentistry 

The rather simplistic definition and understanding of light as a source of energy relates to 

those wavelengths of the electromagnetic (EM) spectrum that may be detected by the 

human retina; this however, fails to recognise those shorter, adjacent wavelengths outside 

the narrow range of approximately 350  – 750 nanometers - nm (“violet blue” to “red” 

visible), and longer, Near - , Mid - , and Far - Infra-red (750nm – 10,600nm) wavelengths; 

it also fails to acknowledge that intrinsically all wavelengths within the electromagnetic 
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spectrum are determined by mathematic proportionality – direct or indirect relationships 

in terms of energy, wavelength and frequency. Additionally, the sinusoidal waveform 

propagation of electromagnetic energy (“light waves”) as a stream of photons, travels 

through space at a constant speed of 299.8 x 106 metres per second. Through his published 

Treatise on Electricity and Magnetism (1873) James Clark Maxwell showed that light 

was a form of electromagnetic radiation [1, 2], and much of the understanding drew upon 

the theoretical and practical experiments of Michael Faraday. Following naturally from 

Maxwell’s equations for electromagnetic behaviour, Max Planck postulated [3] that EM 

energy was emitted in the form of discrete packets – so-called “quanta”, and from this, 

the basic relationship between emission energy and wavelength emerged is expressed as: 

𝐸 =
ℎ𝑐

𝜆
 

Where  c = 300 x 106 msec -1 

 h (Planck’s Constant) = 6.626068 × 10-34 m2 kg / s represents the proportionality 

 constant between the energy (E) of a photon and the frequency (ν) of its associated 

 electromagnetic wave. 

In developing concepts of how a photoelectric effect was caused by absorption of an 

appropriate and correct quanta of light, Albert Einstein theorised the possibility of 

stimulated emission in which a target atom, already excited through a light quantum 

collision would accept a further quantum; from this would emerge two quanta, identical 

in both energy and phase [4]. Einstein further showed mathematically why the energy of 

photons were dependent only on the frequency of the incident light [5]. From this work 

emerged an acceptance of wave-particle duality in explaining light (photonic) emission.                                                                             
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This correlation provided reassurance when, with further fundamental theory the early 

practical applications of light and quantum theory manifested; firstly, the MASER 

(Microwave Amplification by the Stimulated Emission of Radiation), and later the 

LASER (Light Amplification by the Stimulated Emission of Radiation), as manipulation 

of basic EM energy, wavelength and frequency. The first laser was developed in 1960 

and attributed to Theodore H. Maiman at Hughes Research Laboratories in Malibu 

California, using a solid-state “active medium” crystal of ruby (chromium-ion doped 

aluminium oxide – Al2O3:Cr), and building on laser prototype projects of Arthur 

Schawlow and Charles Townes [6, 7]. 

Laser photonic energy is unique in that two prime properties – monochromaticity (single 

wavelength) and wave coherence – result from the amplified stimulated emission of 

photons produced within the excited active medium. 

With an appropriate level of external excitation (the so-called “pumping mechanism”), 

photons produced by the active medium are reflected between co-axial reflective surfaces 

(Fabry–Pérot interferometer), and with a sufficient level of gain, the beam passes through 

the proximal mirror and is delivered to the target oral tissue (Figure #1). Even with 

efficient gain, the process of such active media gain is hampered by approximately 97% 

energy loss as heat, and correspondingly the system must be protected through a suitable 

cooling system [8]. 
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Figure #1. Schematic of a laser system employing a laser cavity, active medium, 

reflective mirrors (Fabry–Pérot interferometer) and appropriate external energy source 

(pumping mechanism). Source: Parker S. British Dental Journal. (2007) Jan 

13;202(1):21-31. doi: 10.1038/bdj.2006.113. [5] 

Amongst several laser pioneers, working independently, 1962 saw the development of 

semiconductor “diode” lasers; Robert N. Hall (General Electric Laboratory, Schenectady, 

New York), and Marshall Nathan (IBM Watson Research Center) produced prototype 

homojunction diode platforms based on gallium arsenic GaAs, and Nick Holonyak Jr 

(GE’s Syracuse, New York) incorporated phosphorus to create a visible red GaAsP 

semiconductor laser (Figure #2) [9 - 11]. Although extremely temperature dependent, 

such technology was further developed by workers such as Herbert Kroemer (Varian 

Central Research Laboratory) and Zhores Alferov (Ioffe Physics Institute) in 1963, who 

produced a more stable room temperature GaAs heterojunction diode laser, incorporating 

a band gap between the III and V-valency atomic groups [12, 13]. 
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Figure #2. Schematic of a semiconductor (heterojunction diode) laser system employing 

Group III (eg. Gallium) and Group V (eg. Arsenic) atoms. Population inversion (laser 

gain) occurs through either applying coatings to each end of the semiconductor crystal 

or by internal reflection within the crystal boundary (Fabry-Pẻrot resonator).                           

Source: S. Parker 

Of relevance to laser use in dentistry, a third type of laser was developed during the mid-

1960s, in which the development of a carbon dioxide / helium laser (CO2) occurred at 

Bell Laboratories through the research of Kumar Patel. Progress in achieving acceptable 

levels of gain was through concentrating on vibrational transitions of gas molecules [14]. 

Further progress was made by Eugene Watson, who set up Coherent Radiation 

Laboratories in 1965, to build commercial CO2 lasers, utilising a gas mixture of CO2, 

nitrogen, helium, and traces of noble gas [15].  

1.2 The first “dental” lasers 

The first laser designed and manufactured for use in clinical dentistry appeared in 1989; 

it was the product of a six-year working collaboration of two brothers Dr Terry and Dr 

William Myers, the former a dentist and the latter an ophthalmic surgeon [16]. Drawing 

upon the high infra-red fluorescent potential of the element neodymium, formulated as 
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the di-valent ion within a glass / optically pure crystal medium, the emission wavelength 

of the Neodymium Yttrium Aluminium Garnet (Nd:YAG) active medium at 1064nm 

together with basic free-running pulsed emission, defined a narrow range of absorption 

in predominately pigmented soft tissue elements; in a possible attempt to enhance its 

appeal to the clinician, it was also claimed to be effective in vaporising pigmented carious 

dentine, hence suggestive of positive tooth cavity instrumentation as well as delivering 

induced tooth analgesia [17 - 23]. 

What was clear was the limited prospect of fulfilling the commercial advantage claimed 

by the developers of the Nd:YAG 1064nm laser, as a replacement for the use of a rotary 

dental drill. The rudimentary operating parameters allowed thermal rise to predominate 

when oral hard and soft tissue were irradiated [24]. When attempts to vaporise accessible 

dental caries were made, a high potential existed for direct collateral damage to 

surrounding dental tissue, together with indirect thermal conduction to the dental pulp 

[25]. Since the original “dental” laser in 1989 was a derivative of a model used in 

ophthalmology, similar lasers such as the argon-ion (488 / 515nm) and carbon dioxide 

(10,600nm) lasers evolved to a position of adjunctive dental application in the early 

1990s. With its multi-wavelength emission spectrum, the argon ion laser “blue” 

wavelength of 488nm could be utilised in claimed profound curing of dental composite 

restoratives and the argon ion “green” wavelength of 514.5nm was abundantly absorbed 

in oral pigmented tissue and haemoglobin [26]. Both the instrument cost and development 

of its technology (including emergent semiconductor laser alternatives and non-laser 

dental curing lights) contributed to the relatively low market penetration of this laser. By 

comparison, the carbon dioxide laser has remained a choice to the clinician; from its early 

introduction as an adjunctive surgical soft tissue laser [27 – 29], and despite the potential 
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thermal risk posed by the 10,600nm continuous wave emission [30], this has remained 

the subject of positive benefit in studies relating to laser assisted oral soft tissue surgery 

[31 – 34]. A problem with early CO2 models was the rudimentary deca-second gating or 

inherent continuous wave emission mode, which when coupled with the high absorption 

of this wavelength in tissue water, rapidly would lead to irradiated tissue desiccation and 

formation of a pre-carbonisation layer, termed eschar. Persistent irradiation of this debris 

would lead to surface overheating of the carbonised layer.; certainly, with those early 

laser models, regular removal of the eschar with damp gauze was mandated to enable soft 

tissue ablation to proceed. Additionally, the development of a 9,300nm mode-locked co-

axial water laser version of the CO2 “family” has allowed the high absorption of this 

wavelength by the phosphate radical of carbonated hydroxyapatite in enamel and 

hydroxyapatite in dentine and bone, to be a precursor to the efficient spallation of oral 

and dental hard tissues [35]. 

The introduction of commercially available alternative wavelengths saw the emergence 

of the 810nm GaAs diode laser in 1992, along with gas-medium CO2 lasers, mostly 

derived from ENT and dermatological platforms. The commercial availability of an “all-

tissue” erbium YAG (Er:YAG) laser in 1992, drawing upon research from 1975, indicated 

an emission wavelength of 2940nm from activated Er3+ ions distributed within a YAG 

crystal active medium. This wavelength has high absorption in water, i.e. 20,000 times 

greater than that with the Nd:YAG 1064nm system [36]. Together with an inherent free-

running micro-second pulsed emission and co-axial water spray, this represented the first 

laser platform for use in hard dental and oral osseous tissue ablation [37, 38]. 

Over time, the breadth of EM wavelengths utilised as commercially available lasers in 

clinical dentistry has increased to encompass diode 455nm (“blue”), 532nm (“green”), a 
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series of 635nm – 680nm “red” visible wavelengths, through near infra-red diode and 

solid state (NIR – 805nm – 1340nm), mid infra-red solid state (MIR – 2780nm – 2940nm) 

and far infra-red gas (FIR 9,300nm – 10,600nm) laser wavelength choices. Along with 

such variety of choice, research and clinician understanding profited in both extent and 

sophistication but retained a fundamentally narrow belief that specific absorption of each 

individual laser wavelength by targeted oral tissue defined the scope of beneficial laser-

tissue interaction. 

1.3 Basic concepts of laser – tissue interaction 

Human oral and peri-oral tissue is anisotropic, in terms of its structural components and 

consequent behaviour of applied photonic energy in terms of how it may interact – 

incident photonic energy being reflected, scattered, absorbed or transmitted through the 

tissue, depending on the wavelength applied [39]; apart from the basic grouping of soft 

tissue versues hard dental and osseous tissue, there exist varying tissue elements, capable 

of absorbing incident laser photonic energy. Absorption theory draws upon the Beer-

Lambert law, which considers the influence of the absorption coefficient on the intensity 

of light, after passing through oral tissue [40]. Commonly cited chromophores and 

absorptive molecular groups found within structural components of oral tissue may be 

water, collagenous proteins, melanin, oxy- and deoxy-haemoglobin, together with hard 

tissue hydroxyapatite and carbonated hydroxyapatite. Research has explored the value of 

absorption coefficient (µa) for each of these tissue elements, and the corresponding scatter 

coefficient (µs) of gross tissue of which each is a component, relative to each laser 

wavelength [41, 42]. 

Within the discipline of clinical dentistry, the application of therapeutic laser photonic 

irradiation may undergo a mixture of physical interaction, according to the incident 
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wavelength, power density, together with the anisotropic nature of the target tissue [43]. 

Non-interaction may result in transmission of the beam, or owing to the degree of density 

or structure, some refraction of the beam. Both effects may negate the expectation of any 

photonic effects and may also create a potential for onward, non-target tissue exposure 

and collateral damage. 

Positive laser-tissue interactions may arise from photonic scatter or absorption; scatter 

may be attributable to non-linear photon travel within the tissue, resulting in possible 

photon energy attenuation with distance, or alternative stochastic positive energy effects 

through intra-tissue photon collision. Together, these phenomena contribute to a degree 

of scatter effect described as “speckling”. Additionally, with the predominance of high 

scatter coefficient relative to visible and NIR laser wavelengths, a degree of back-scatter 

may occur, and this may compromise the accuracy of laser emission power values. 

Fundamental laser-tissue interaction relates to a concept of a “lock and key”, where 

photon energy is closely matched to the capacity of the target tissue element or chemical 

group (atom or functional group in which the electronic transition responsible for a given 

spectral band is approximately situated) that is capable of selective light absorption. The 

resulting energised state may reflect incident sub-ablative power levels, and effect 

photobiomodulation or may be of sufficient energy to reach a level of phase change, 

leading to molecular and tissue dissociation and consequent structural dislocation.  

With any laser emission, there are key parameters; these may be viewed in Table #A and 

summarised as: 

a/ intrinsic, defined as the laser basic values  
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b/ adjustable, subject to control panel facility, proposed therapy requirements and 

combined maximum output limits 

c/ calculated – whereby computed values may be derived as the product of one or 

more adjustable parameter(s) 

Intrinsic Parameters Adjustable Parameters Calculated Parameters 

Laser model / active 

medium 

Average power (Watts W) Beam spot diameter at 

tissue 

Emission wavelength 𝜆 

(nm) 

Pulse repetition rate (Hertz 

Hz) FRP laser 

Beam spot area (cm2) 

Emission mode: 

Continuous wave (CW), 

gated-CW, Free-running 

pulsed (FRP) 

Energy per pulse           

(mj / mjpp)                       

(FRP laser) 

Fluence: (Radiant 

exposure / Energy density 

per unit area                           

(Joules J/sq.cm) 

Delivery system: optic 

fibre / waveguide / 

articulated arm 

CW gating - Emission 

cycle (gated-CW) % 

Irradiation: (Power density 

/ Radiant power per unit 

area (Watts/sq.cm)  

Optical fibre diameter                

(µm / mm) 

Delivery “spot size” (tip 

diameter - µm / mm) 

Length of photonic 

exposure (secs) 

Gaussian or Flat-top beam 

X-section 

“Contact / non-contact” 

mode 

Total energy delivered 

(Joules) 

Beam divergence (angle 

deg.) 

Tip-to-tissue distance 

(mm) 

 

 Coaxial water (ml / min)  

 Coaxial air (ml / min)  

 

Table #1. Laser operating parameters. Each laser will have intrinsic parameters, with a 

choice of control panel interaction to allow adjustable parameters. The product of two 

or more parameters will provide calculated parameters to confer specificity of actual 

photonic “dose”. 

Apart from these fixed and adjustable laser parameters, target oral tissue by virtue of its 

composition and structure will exhibit optical tissue and physical tissue parameters, 

relative to the incident laser wavelength. Subject to some positive interaction of photonic 

energy with the target tissue, these parameters will – consistent with power density 

phenomena - give rise to absorption and thermal phenomena. With acceptance of these 

fundamental characteristics, individual patients may exhibit differing racial or ethnic soft 
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tissue pigmentation levels. In many cases, such pigmentation may not only affect skin 

colour, but may extend intraorally to create areas of predominantly melanin deposits, 

which are viewed unfavourably among certain nationalities. For these, it would impact 

significantly to accept and adopt “average” laser operating parameters for gingival 

surgery when using laser wavelengths that are highly absorbed in melanin and similar 

pigmented proteins; in these situations, it would be appropriate to reduce average power 

values in order to avoid thermal damage. 

The other general aspect of gingival surgical management using laser photonic energy is 

the gingival biotype, commonly graded as “thin”, “thick” and “normal” in terms of tissue 

depth. Care would normally be advised to recognise that visible and NIR wavelengths 

being detrimental to underlying osseous tissue and dental structures; lower laser operating 

parameters together with thermal relaxation measures to avoid overheating and direct or 

conductive thermoclines.  

The scope for optimising laser interaction is best served through absorption of incident 

photonic energy. The photonic energy of most laser wavelengths in clinical dentistry is 

insufficient to achieve the dissociation energy of covalent bonds of most proteinaceous 

structural elements and certainly, the ionic bonds within the hydroxyapatite crystal lattice 

structure [44]. In consequence, the success in developing laser-tissue interaction as 

adjunctives to surgery and structural change, lies in the successive stream of photons 

within an emission beam. Most commonly and fundamental to ablative tissue effects, the 

conversion of incident photonic energy to thermal energy will result in incremental 

temperature rises; dependent upon the applied photonic dose and exposure time, an 

ascending thermal effect from tissue warming, protein denaturation, water vaporisation 

and soft tissue ablation may be observed, with onward carbonisation through the 
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application of excess laser irradiation. This process is termed photothermolysis [43], and 

when applied to hard oral tissue may result in an explosive dislocation and fragmentation 

of such tissue (bone, enamel, dentine, together with root cementum, dental calculus and 

dental caries). With erbium (approximately 3.0µm wavelength) laser irradiation of these 

structures, the interstitial water component is rapidly vaporised and the resultant increase 

in vapour pressure leading to structural fragmentation, is termed spallation [45]. The 

closely allied delivery at 9.3µm, albeit through micro-gated CW emission, results in the 

melting of  mineral content within the target hard tissue, which in terms of the ablation 

outcome is not clinically dissimilar to that achieved with the shorter mid-IR wavelengths.  

Another albeit limited interaction is laser photochemistry; historically, the 488nm argon 

ion laser wavelength brought benefit to the potential for photocuring of dental composite 

resin restoratives where the high absorption of this blue wavelength in camphorquinone 

serves as the catalytic reagent of these materials [46]. Over time, the development of 

much less expensive and convenient curing light technology has made such laser 

application obsolete. Laser photochemistry effects may be seen in tooth bleaching using 

higher photonic energy wavelengths such as the 532nm “green” wavelength [47]. In 

contrast, the development of photochemical activation of applied photosensitisers has 

created a significant contribution to antibacterial photodynamic therapy – aPDT. 

Throughout the applied wavelength range of 400 – 800nm, the use of chemical mediators 

which, when irradiated with low power photonic energy may induce pathogen 

inactivation and cell death, has proven to significantly benefit areas of periodontal and 

peri-implantitis treatments [48, 49]. 

Sub-ablative laser-tissue effects using low intensity light sources, whereby therapeutic 

irradiation results in the manipulation of cellular behaviour, is termed 
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photobiomodulation (PBM). As an applied clinical therapy, PBM may be delivered as a 

stand-alone modality in the adjunctive treatment of certain pathologies, as well as a co-

therapy benefit of ablative laser surgery [50, 51]. The PBM benefits of the latter are 

observable at some distance from the site of photothermal tissue ablation, where photon 

energy density is reduced through scatter and tissue temperature rise is consequentially 

reduced to a sub-ablative level. 

Paper #I provides an evidence-based exploration of current concepts of laser oral tissue 

interaction. 

___________________ // ______________________ 
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Abstract 

Fundamental to the adjunctive use of laser photonic energy for delivering therapy and 

tissue management, is the ability of the incident energy to be absorbed by target tissues. 

The aim of this review is to examine the differential performance of the separate 

components of oral hard and soft tissues when exposed to laser photonic irradiance of 

variable wavelengths and power values. Through an examination of peer-reviewed 

published data and materials, the interaction of laser photonic energy and target tissues 

are explored in detail. Varying laser wavelength emissions relative to anatomical 

structures explores the ability to optimise laser–tissue interactions, and also identifies 

possible risk scenarios as they apply to adjacent non-target structures. The concepts and 

practical aspects of laser photonic energy interactions with target oral tissues are clearly 

demonstrated. Emphasis was placed on optimising the minimum level of laser power 

delivery to achieve a desired tissue effect, whilst minimising the risk or outcome of 

collateral tissue damage. 

Keywords: dentistry; laser; laser–tissue interaction; optical properties of tissues; 

photobiomodulation; photothermolysis 

1. Introduction 

The oral cavity is a complex environment, both structurally and functionally, where hard 

and soft tissues exist in close proximity. Additionally, all oral tissue surfaces are subject 

to contact with bacteria- and bacterial catabolite-laden saliva. Oral tissues can be 

subjected to laser treatment exposure, but the biophysics governing laser–tissue 

interactions demand a knowledge of all factors involved in the delivery of this modality. 
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Laser photonic energy has the unique properties of spatial and temporal coherence of 

wave propagation, together with the emission monochromaticity derived through a single 

wavelength value. In consequence, with appropriate delivery parameters, it is possible to 

deliver selective laser–tissue interactions, and to maximise the light dose effectiveness 

[1]. 

Depending on the level of incident energy, the consequent transfer to another form can 

occur, such as thermal energy, fluorescence, sound emission and the promotion of 

chemical pathways within tissue cellular environments. These interactions are 

summarised in Figure #1. 

 

Figure #1. An overview of the manipulation of incident photonic energy, such as laser 

light as an adjunct to screening, diagnostic and therapeutic clinical activity. Key: 

LED—light emitting diode, UV—ultra-violet, NIR—near infra-red, with multi-

wavelength representation as vertical incident arrows. OCT—optical coherence 

tomography, aPDT—antimicrobial photodynamic therapy. Re-emission, as direct beam 
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or scattered irradiance is represented by complete and dotted arrows, either straight or 

non-linear. 

The ability to predict the degree of laser–tissue interaction experienced may pose some 

difficulties for the clinician, notably through limited target access, choice of laser 

wavelength, and the amount of power required to achieve desired changes in the target 

tissue. As the prime factor governing interaction, the absorption coefficient of any tissue 

element is a function of the degree of energy attenuation of a chosen incident laser 

wavelength; within the wide range of laser wavelengths available in dentistry, absorption 

coefficient curves as demonstrated in Figure #2 and Figure #3 are an expression of the 

relative performance of each tissular element across the spectrum of incident photonic 

irradiation. 

 

Figure #2. Absorption spectral profiles of major dental/oral structural elements and 

chromophores associated with soft tissue management. Absorbance is shown relative to 
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wavelength of irradiation. The depth of penetration is shown as 1/absorbance. Original 

data and graphics: Parker S. Data source: Parker, S; et al. Laser Essentials for the 

Dental Practitioner: Foundation Knowledge—Construction, Modes of Operation and 

Safety. EC Dental Science 2019, 18.9, 2020–2027 [2]. 

 

 

 

Figure #3. Absorption spectral profiles curves of major tissue elements associated with 

bone and dental hard tissue management. Absorbance is shown relative to wavelength 

of irradiation. Key: water (blue), protein/collagen (green), hydroxyapatite—HA and 

carbonated HA (white). Original data and graphics: Parker S. Data source: Parker, S; 

et al. Laser Essentials for the Dental Practitioner: Foundation Knowledge—

Construction, Modes of Operation and Safety. EC Dental Science 2019, 18.9, 2020–

2027 [2]. 

Within tissue elements, there may be molecules or molecular species termed 

chromophores. A chromophore is defined as “a chemical group (molecule or molecular 

species) that absorbs light, or at least shows some absorbance in the visible region of the 

electromagnetic spectrum and so imparts colour to the molecule”. 
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Each chromophore has molecular structure and the structure, atomic configuration and 

inter-atomic binding energy at body temperature may define a “ground state” [3]. In 

achieving ablative laser surgery in soft or hard tissue clinical dentistry, the effect of 

absorption of incident energy is the conversion to thermal energy and consequent tissue 

ablation through thermal rise—a process known as photothermolysis. Assuming that 

absorption can occur, the relationship between the level of incident photonic energy, the 

density of such energy within an irradiated area, and the exposure time (instantaneous 

and/or over a sustained or interrupted period), may enable the clinician to influence the 

type of laser–tissue interaction. By reducing the exposure time and consequent interaction 

to micro-seconds and on to femto-seconds, successively higher peak power densities 

above 106−10 W/cm2 can be obtained. At such powerful levels, the intensity of energy is 

so great that electromagnetic fields (plasma) develop around the interaction and are 

sufficient to markedly degrade target molecules, a process known as photoplasmolysis 

[4]. 

Conversely, very low irradiance over extended time periods may give rise to energised 

biochemical pathways associated with tissue health and reparative capabilities, and this 

represents the core of understanding of photobiomodulation (PBM). Figure #4 provides 

a graphic representation of the relationship between power density and exposure time [5]. 
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Figure #4. Relationship between incident photonic power density and exposure time 

(seconds). Changes in the two components of laser–tissue interactions—power density 

(irradiance) and exposure time, may affect the interaction level. Original graphics: 

Parker S. Data source: Boulnois, J-L. Laser in Medical Science 1986, (1), 47–66 [5]. 

 

2. Laser Photonic Energy 

Laser photonic energy is derived through the emission of photons from an energised 

source. The photon (electromagnetic) energy is derived from the parent stimulated atomic 

source within the active medium, and its propagation within a stream of photons provides 

an identical emission waveform (coherence); each photon within the stream has an 

identical energy value (monochromatic or single wavelength). The relationship between 

common laser wavelengths within the electromagnetic spectrum is represented in Figure 

#5. 

 



48 | P a g e  

 

 

Figure #5. Laser wavelengths in common use in clinical dentistry, arranged according 

to wavelength in nanometers (10−9 m), from blue-visible to the far infra-red regions. 

The energy of emitted photons is expressed in Joules (J), or a derived equivalence, eV (a 

unit of energy equal to the work done on an electron in accelerating it through a potential 

difference of one volt), where 1 eV = 1.602 × 10−19 J. Since photonic energy and 

wavelength (λ) have an inverse proportional relationship, photons emitted from different 

active medium sources will have differing energy values. A basic expression of this 

relationship is demonstrated in equation (1), in which h = Plank’s constant, c = speed of 

light and E = photon energy in eV. 

λ = hc/E (1) 

It is possible to evaluate energy-equivalent values for the laser wavelengths commonly 

used in dentistry, for example, photons of wavelength 1240 nm (near-infra-red region) 

equate to an eV value of 1.0, whereas an eV value of 2.0 is represented by a wavelength 

of 621 nm (visible-red region); 0.13 eV corresponds to 9600 nm [6]. 
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Table #1 provides an overview of laser wavelengths commonly used in dentistry with 

corresponding photonic energy values: 

 

Table #1. Commonly used laser wavelengths associated with dental treatment. Photonic 

energy and wavelength are inversely related. With ascending numerical values of 

wavelength, the corresponding photonic energy (expressed as electron volt—eV) is 

reduced. 

A simplistic view of one of the many graphic representations of the inter-relationships 

between target tissue elements, incident laser wavelengths and relative absorption 

potential, would suggest that laser photonic energy is capable of ablative interaction with 

target tissue elements [7]. If external energy is applied, vibrational and spin phenomena 

are induced—initially reversible to the ground state, but with increased applied energy, a 

point may be reached where molecular disruption is sufficient to overcome the forces 

binding atoms or macromolecules together [8]. Incident photonic energy may induce a 

thermal rise (energy conversion), and examples of the effects of ascending energy levels 

above an “ablation” threshold include protein dissociation (ca. 60 °C) and water 

vaporisation. True photonic ablation of a target molecule therefore represents incident 

energy sufficiently intense to break interatomic binding forces, and this is termed the 
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dissociation energy. Table #2. Provides examples of commonly found tissue element 

molecules and the dissociation energy value required to break the interatomic bond. 

 

Table #2. Dissociation energy, expressed in eV values, required to break the bonds 

(covalent, coordinate, etc.) that bind atoms within molecules. Examples represent 

component molecules within tissue water and biofluids, and also ionic forces within the 

crystal lattice of hydroxyapatite. Data reproduced with thanks from Mó, O; Yáñez, M, et 

al. (2005). Journal of Physical Chemistry A. 109(19), 4359–4365 [3]. 

 

When comparing data in Table 1 and Table 2, almost none of the popular laser photonic 

energies in dentistry are capable of direct intra-molecular bond cleavage, and one may 

conclude that dental lasers cannot ablate target oral tissues using empirical photonic 

energies. Such a belief is magnified when the binding (ionic) lattice energies of crystalline 

carbonated hydroxyapatite are exposed to the mid-IR laser wavelengths (Er,Cr:YSGG, 

Er:YAG); indeed, the photonic energy values may be considered very small when 

compared to that required for the dissociation of hard dental tissue [9]. 
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Although individual photons possess insufficient energy to cleave target molecules, even 

the briefest of laser emissions will deliver millions of individual photons, and with each 

successive photon absorbed, the gradual build-up of transferred energy causes increasing 

target molecular vibrations, up to a point where sufficiently high-power density (i.e., 

energy density within an ultra-short time duration) and consequent thermal rises, drives 

molecular fragmentation and structural ablation. 

Molecular disruption is not the objective when considering the many sub-ablative 

applications of laser photonic energy within PBM, diagnostic and para-chemical 

antimicrobial applications. With this group of applications, the modulation of target 

structural molecules or biochemical pathways remains the objective within a general 

enhancement of cellular and intercellular activities, with consequent benefits being 

derived through the healing, analgesic and anti-inflammatory applications of sub-ablative 

laser irradiation. 

When laser photonic energy is delivered and interacts with a tissue medium, three 

possible pathways exist to account for what arises from the delivered light energy: 

(1) The commonest pathway when light is absorbed by living tissue is internal conversion 

from incident photonic to thermal energy. In surgical laser use, the resulting thermal rise 

is near-instantaneous and considerable, and rapidly leads to conductive thermal energy 

into surrounding tissue. With oral soft tissues and visible/near-IR laser wavelengths, the 

absorption by tissue chromophores gives rise to protein denaturation and secondary 

vaporisation of interstitial water. Through this, a visible ablation and vaporisation of 

target tissue occurs [10]. 
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With longer mid- and far-IR laser wavelengths, the prime molecule affected by irradiation 

in both soft and hard oral tissues is highly abundant water. Ablation of tissue is achieved 

through the near-instantaneous vaporisation of interstitial water, leading to ‘explosive’ 

fragmentation of tissue structure. With hard osseous/dental tissue, this interaction can be 

quite dramatic [10]. 

(2) Laser photonic energy values below target tissue ablation levels may result in 

fluorescence. Fluorescence is a luminescence (re-emission) of light in which the 

absorption of a photon by a molecule triggers the emission of another photon with a longer 

wavelength from that molecule. This action provides the basis for optical scanning 

techniques employed for caries detection in enamel and dentine, and also tomographic 

techniques utilised in the scanning of soft tissues for neoplastic change. 

(3) The third pathway is broadly termed photochemistry [11]. In view of the energy of 

the photons involved, covalent bonds primarily remain unbroken. However, the energy 

may be sufficient for a first excited singlet state to be formed, and this can then undergo 

intersystem crossing to the long-lived triplet state of the scavenger. Through energy 

transfer, adjacent diatomic interstitial tissue oxygen (O2) molecules may undergo redox 

interconversions to form reactive oxygen species (ROS, such as superoxide anion) or 

singlet oxygen (1O2). Singlet oxygen is an ultra-short-lived product of the parent molecule 

that can cause cell apoptosis through oxidative stress. Such actions can be commonly 

encountered in photodynamic therapies, where an intermediary chemical—

photosensitiser—is employed to direct energy transfer to target bacterial or alternative 

cellular sites [12,13]. 



53 | P a g e  

 

Electron transfer reactions are highly important in the host cell mitochondrial membrane, 

where the consequence of photon irradiation may be increased production of ATP [14]. 

An additional photochemical pathway that can occur after the absorption of a red or NIR 

photon within a host cell is the dissociation of a co-ordinated ligand from its metal ion 

coordination centre as an active site within an enzyme. One well known candidate for this 

pathway is the complexation of nitric oxide (NO●) to the iron-and copper ion-containing 

redox centres in unit IV of the mitochondrial respiratory chain, otherwise known as 

cytochrome c oxidase. Such an action may induce an increase in intracellular pH and 

generate ATP, and has been cited, as has been the release of increments of molecularly 

bound NO● and intracellular ROS, as basic photobiomodulation cellular theory for the 

actions of low-level lasers. 

3. Laser–Tissue Interaction: Oral Soft Tissue 

Although diverse in structural components, oral soft tissue is a mixture of endothelial 

collagenous tissue with blood and lymph vessels, muscle, site-specific mucous and 

salivary gland tissues, nerves and other anatomical structures. All oral soft tissue 

appending to the lips, buccal cavity and oropharynx is surrounded by epithelial tissue—

termed the oral mucous membrane (of varying levels of keratinisation) in order to protect 

structures against regular exposure to physical wear (gingiva, hard palate and dorsum of 

the tongue covered with keratinised epithelium), or other sites where abrasion is 

somewhat lower (lips, oral vestibule, ventral tongue and floor of mouth and soft palate). 

Laser-sensitive biomolecules include tissue water, proteins, chromophoric molecules and 

the haem prosthetic group of blood haemoglobin species. 

In clinical dentistry, laser applications may involve visible and near-IR wavelengths 

(absorbed by chromophores, haemoglobin and other proteins), such as the diverse “diode” 
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group (wavelength range 405nm–1064 nm), mid-infra-red lasers (erbium, chromium: 

YSGG 2780 nm and erbium: YAG 2940 nm), and the far IR CO2 wavelength range of 

9,300nm–10,600 nm that can target tissue water. The difference in target laser light 

scavengers as a function of wavelength will affect both the degree of tissue penetration 

and essential ablation effect; water, being a constituent of all living matter, will give rise 

to a surface-mediated ”V-shaped” interaction with longer wavelengths, whereas 

chromophore and protein interactions that are predominant with shorter wavelengths will 

result in a wider, crater-shaped area of ablation—Figure #6. 

 

Figure #6. Comparative light micrographs of laser interaction with porcine oral soft 

tissue. Top: Nd:YAG 1064 nm (an example of the shorter wavelengths employed), 

causes a wider, crater-shaped area of ablation, with some areas of thermal conduction. 

Right: Longer wavelengths such as FRP Er:YAG 2940 nm create a sharper “V” shaped 

incision, whereas Bottom: CO2 10,600 nm, being a gated CW emission, results in some 

features of the other two—surface configuration ascribable to absorption in water, but 

some thermal spread arising from a comparative lack of thermal relaxation. 
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The power delivery (emission mode) of the early dental lasers was either continuous wave 

or, in the case of Nd:YAG 1064 nm, micro-pulsed. The disadvantage of the continuous 

wave delivery was the absence of thermal relaxation, which is required to prevent the 

gradual and damaging build-up of thermal energy into tissue surrounding the target site. 

Current technology has allowed the development of chopped or “gated” delivery of an 

inherent continuous wave, allowing millisecond (ms) and some microsecond (µs) bursts 

of energy. This has helped to refine the overall “average” power delivery. Irrespective of 

the emission mode, for oral soft tissue surgery to involve gingiva, oral mucous membrane 

and associated mucous gland tissue, frenal tissue and other benign soft tissue pathologies, 

there is an adequate opportunity to deliver predictable laser surgery with mean power 

ranges of 0.8–2.0 W; indeed, the use of considerably higher average power values to 

ablate or incise tissue may result in collateral tissue damage. A possible exception may 

be the use of non-contact irradiation of superficial venous haemangiomata, where greater 

(> 5 W) mean power levels can be employed [15]. 

The benefits of laser-mediated soft tissue surgery are claimed to be haemostasis and 

incisional sterility, with the reduced/absent requirement for sutures. Within the 

applications referenced above, the power values would be sufficient to seal blood and 

lymphatic vessels of < 0.5 mm diameter [16], and within such limitations, incisional 

haemostasis offers a near-ubiquitous advantage of visible and near-IR laser use. 

Additionally, the use of the erbium family and carbon dioxide laser wavelengths, albeit 

without co-axial water spray, may induce a significant thermal rise within the surgical 

site sufficient to also seal small vessels and thus avoid dressings or sutures. 

Strict sterility of the surgical site is an ideal requirement, but contamination by the normal 

oral flora may be considered unavoidable. The incisional temperature will exceed 100 °C, 
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and even approach 150–200 °C, and hence would provide a prior level of sterility. An 

improved representation would be a “significant pathogen reduction”. Of considerable 

advantage, however, is the formation of a denatured plasma and collagen matrix—a so-

called “coagulum” [17], that provides initial sealing of the wound and gradually softens 

through absorption of saliva throughout a 72–96 hour period before becoming detached, 

leaving early endothelial and epithelial cellular ingrowth to initiate healing. Additionally, 

a feature often observed with laser-mediated soft tissue incisions is the absence of scarring 

[18], although healing will always proceed via secondary intention in view of tissue 

volume loss during surgery, and the non-apposition of cut edges that would normally 

occur with sutures. 

3.1. “Uneventful” Healing—Photobiomodulation 

Of significance to both post-surgical tissue healing, and the sub-ablative application of 

laser photonic energy, is the phenomenon of photobiomodulation (PBM). Photobiology 

is the scientific study of the interactions of light (non-ionising radiation) and living 

organisms [19]. Examples of photobiological processes in living cells include 

photosynthesis, bioluminescence, and indirectly, circadian rhythms. 

PBM therapy (PBMT) through the application of photonic energy at specific wavelengths 

works on the principle of inducing a biological response through energy transfer. Such 

non-ablative photonic energy delivered into tissues modulates biological processes within 

that tissue, and within the biological system of which that tissue is a component part. It is 

a source of some debate, however, which concerns the thermal rise in irradiated cells or 

tissue, bearing in mind that because of absorption, photonic energy will impart increased 

target molecular activity. However, within a correct incident dose, PBM has no 

appreciable thermal effects in irradiated tissue [20]. 
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At a cellular level, the application of PBM and absorption biomolecules, and, where 

relevant, chromophores such as cytochrome c oxidase, has been suggested to promote 

modifications in mitochondrial activity—essentially through a shift in cellular 

metabolism towards an aerobic glycolytic cycle and an increase in the manufacture and 

extracellular release of NO●. Increased cellular activity arising from an optimisation of 

ATP production and the associated release of ROS together may promote a combination 

of effects, including activated transcription factors affecting RNA and DNA synthesis, a 

process positively impacting on cellular repair and healing. Indirect effects including 

nitrogen oxide liberation through electron transport chain activity will lead to increased 

local vessel dilation, and increased oxygen availability and cell permeability. Overall, an 

increase in mitosis and altered cellular autophagy is observed [21]. 

Tissue-dependant extracellular effects of PBM may include the selective activation of 

anti-inflammatory cytokine pathways, resulting in the enhanced resolution of acute and 

chronic inflammation [22], an optimisation of the consequent production of regenerative 

products such as collagen and bone [23,24,25,26], improvements in lymphatic drainage, 

and an increase in the availability of O2 to tissues consequent to vasodilatation and the 

ability to induce analgesia [27]. 

Non-surgical pathologies that may respond to PBM therapy include TMJDS, trigeminal 

neuralgia, oral mucositis, myofacial pain syndrome, herpetic lesions and post-herpetic 

neuralgia, as well as post-surgery pain management, and also pain associated with various 

low-grade dental dysaesthesia and that experienced during active orthodontic treatments. 

Relevant reference sources relevant to the specific dosimetry required, together with the 

specifics of laser and hand-piece delivery, should be sourced for further detail 

[28,29,30,31,32,33], although the prescribed dose for many of these conditions in terms 
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of fluence or energy density is between 2–10 Joules/cm2, with an appropriate increase in 

applied “skin dose” to account for deep tissue photon scatter when treating sub-surface 

structures and conditions [34]. PBM is often cited as the “hidden assistant” during laser 

soft tissue surgery, in view of photon scatter and power density reductions, and 

consequent tissue cooling at increasing distances from the surgical site will produce sub-

ablative PBM effects. This is considered a significant aspect of the lack of complications 

following laser soft tissue surgery within the oral cavity. In summary, investigations of 

the positive effects of PBM have been suggested to suppress inflammatory responses, 

induce analgesic mechanisms and promote healing [35,36]. Figure #7 demonstrates the 

haemostatic control, lack of inflammatory response and uneventful healing in laser-

mediated minor oral soft tissue surgery. 
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Figure #7. Soft tissue surgery. A mucocele excision, lower lip. The laser used was a 

diode 980 nm 1.25W CW Fluence 12.2 J/cm2. Time taken: two minutes with pauses. A—

pre-op, B—excision with haemostasis, C—immediate post-op, D—healing at one month. 

 

3.2. Laser-Mediated Diagnostics 

A number of biological structures have the ability to strongly fluorescence, in which an 

incident photon of known wavelength is absorbed by the target tissue, then loses a small 

amount of energy and is re-emitted at a longer wavelength, that may indeed be detectable, 

either visually or through suitable apparatus [37]. 

A number of such fluorophores are found in both soft tissue and hard tissue, blood and 

blood products, and bacterial plaque and calculus. Accordingly, the application of suitable 

incident wavelengths may enable the clinician to establish not only the presence, but also 

the relevance of healthy, unhealthy or unwanted molecular components. This can aid the 

diagnosis of dental caries, dental calculus and periopathic bacterial plaque, soft tissue 

health status, and dysplastic or neoplastic changes; additionally, it may give rise to false-

negative re-emission in composite restoration material, or alternatively form the basis of 

photosensitiser-mediated antimicrobial photodynamic therapy. 

A summary of common fluorophores, the incident light wavelength required for them, 

and the consequent re-emission at longer wavelengths is provided in Table #3. 
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Table #3. Common natural and manufactured fluorophores that may be met within 

clinical dentistry. “Overlapping” excitation—for example, that found in porphyrins as 

an original component of blood haemoglobin but also a by-product contaminant of 

dental plaque, calculus, and caries, and also tooth discolourations. Source: Original 

graphics S. Parker. Data reproduced with thanks: Kim, A; Roy, M; Dadani, FN; 

Wilson, BC. (2010). Topographic mapping of subsurface fluorescent structures in tissue 

using multiwavelength excitation. Journal of Biomedical Optics, 15(6), 066026 [37]. 

Additional examples of changes in light frequency, scatter and transmission phenomena 

may be observed in diagnostic techniques such as doppler flowmetry, diffuse reflectance 

spectroscopy, optical coherence tomography and Raman spectroscopy [38,39,40,41]. In 

general, these adjunctive techniques are based upon incident versus re-emission light 

performance parametry, as applied against known background control healthy human 

tissue data. 
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3.3. Laser–Tissue Interactions: Dental and Oral Hard Tissues 

The mineral hydroxyapatite is common to dentine and bone, whereas enamel is composed 

of carbonated hydroxyapatite. Both forms of the mineral are crystalline structures with 

strong, resistant ionic bonding within the molecule. Dental hard tissue—enamel and 

dentine—are composite tissues of varying amounts of mineral, protein, and water. 

Dentine, of similar composition to bone, has 45–47% mineral, 20–22% water and 33% 

protein, whereas enamel has a much higher mineral content (85%), 12% water and 3% 

protein (mostly found as an inter-prismatic boundary material) [42]. 

Water, either as an interstitial medium or as a source of acidic hydrogen ions (H+) and 

alkaline hydroxide ions (OH-), is readily susceptible to vaporisation when applying 

radiant erbium family wavelengths, and the substantial volumetric change of vaporisation 

creates a pressure and temperature change that is sufficient to dislocate the crystalline 

structure and cause a micro-explosive ablation at the point of application—a process 

known as spallation. The 9,300 nm CO2 wavelength, although inherently a CW emission, 

has a tailored micro-gated delivery; hence, there is both some absorption within the water 

component, but also some targeting of the phosphate and hydrogen phosphate anions of 

the parent mineral molecule. The surgical management of both dental and osseous tissue 

requires accuracy and thermal containment to avoid unwanted collateral damage. Indeed, 

the employment of appropriate incident photonic power and laser wavelength with 

adjunctive water cooling and thermal relaxation will allow for the predictable and 

selective removal of diseased tissue features. Figure #8 and Figure #9. 
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Figure #8. Scanning Electron Microscope (SEM) micrographs of laser-mediated 

enamel and dentine ablation. Top left and right: the resultant enamel surface is rugged, 

fragmented and capable of accepting a resin-based composite restoration once any 

unstable fragments have been removed. Bottom left and right: dentine is rendered 

smear layer-free, with an intact and stable cut surface. 
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Figure #9. SEM micrograph of laser mediated ablation of bone. Top left, right and 

bottom left: the use of an erbium laser system enables an accurate and clean ablation 

without evidence of charring or thermal cracking. Bottom right: this is in contrast to the 

use of a Nd:YAG system (bottom right), which can result in extensive heat-damage, and 

melting of the parent hydroxyapatite structure. 

In addition, considerable investigations to address and verify the (often anecdotal) claim 

of “painless” laser-mediated tooth cavity preparation have been performed. Using visual 

analogue scoring and randomised clinical trials, a quantification of outcome has helped 

to define the prospect of anaesthesia-free cavity preparation [43]. 

Both erbium and CO2 lasers demand co-axial water spray during use to disperse the 

products of ablation, and to provide adjunctive cooling of the target hard tissue Figure 

#10. 
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Figure #10. Use of the er YAG laser in tooth cavity preparation. Note the co-axial water 

spray to aid dispersal of ablation debris and cool the target hard tissue site. 

4. Operating Parametry of Laser–Tissue Interactions 

Of practical interest to the clinician in using laser photonic energy, the following factors 

will each and collectively affect the absorption of laser light by a chosen target tissue 

[44]: 

• Laser wavelength 

• Laser emission mode 

• Tissue composition 

• Tissue thickness 

• Surface wetness arising from water or saliva 

• Incident angle of the laser beam 

• Exposure time. 
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• Contact versus non-contact modes employed between laser delivery tip and tissue. 

• Thermal relaxation factors—Exogenous (water spray, tissue precooling, high-

speed suction, pulsing/gating laser emission) and endogenous (tissue type and 

density, blood supply). 

The consequence of such appreciation is to enable the chosen laser therapy to be used, 

and to avoid the disadvantage of excessive and possibly deleterious thermal increases. 

Whether the intended use of a laser is diagnostics, sub-ablative PBM or supra-ablative 

target tissue manipulation, three essential elements are required for careful consideration: 

(1) the correct or appropriate laser wavelength, and (2) the correct or appropriate light 

delivery power density and appropriate thermal relaxation process. However, the 

parameters selected will represent the mainstays of competency on the part of clinicians. 

Failure to observe such protocols may result in unwanted and damaging collateral thermal 

rises, but also a change in the optical properties of the target tissue that may indeed alter 

the optimal laser–tissue interaction desired. This is summarised in Figure 11. 
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Figure #11. Algorithm depicting the multi-level interaction of varying incident photonic 

energy as applied to target tissues of quantifiable optical properties. Of prime concern 

is the thermal containment of laser–tissue interactions. Excessive application of 

incident power may cause overheating and carbonisation, leading to aberrant 

interactive effects. 

Concern continues to be expressed over the lack of complete and comprehensive laser 

operating parameters in published literature to enable the clinician to use laser therapy to 

optimise a desired outcome [45]. 

5. Conclusions 

Exposing oral and dental tissues to photonic energy has enabled a transformation of how 

both the assessment of oral health and the modality for treating disease can be effectively 

achieved. Of key importance to laser–tissue interactions within a predicted therapy 

“envelope” are demands for the clinician to understand the varying compositions of host 

tissues, and how these may be managed and manipulated using laser energy without 
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unwanted damaging effects. Laser–tissue interactions may be sometimes inconsistent due 

to tissue anisotropy and may continue to pose some difficulty for the dental clinician; 

however, the development of many laser delivery instruments, amounting to a facility to 

produce laser photonic energy at several wavelengths between the visible and far-IR areas 

of the electromagnetic spectrum, continue to address many of these inconsistencies. 

The current paper outlines the basis of laser–tissue interactions and presents how 

individual laser wavelengths of varying operating parameters may be applied to interact 

with target oral and dental tissues. 

Author Contributions 

Conceptualization, S.P.; Methodology, E.A., V.M. and M.C.; Writing original draft 

manuscript, S.P.; Review and editing, M.G., E.A., V.M. and E.L.; Project administration, 

S.P. All authors have read and agreed to the published version of the manuscript. 

Funding 

This research received no external funding. 

Conflicts of Interest 

The authors declare no conflict of interest. 

 

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 

article distributed under the terms and conditions of the Creative Commons Attribution 

(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 

 

___________________ // ______________________ 

 

 

http://creativecommons.org/licenses/by/4.0/


68 | P a g e  

 

1.5 Clinical challenge of laser-tissue interaction  

An overview of laser integration to clinical dentistry has been given; specific essentials 

of laser-tissue interactions have been discussed, as they might apply to hard and soft oral 

and dental tissue, using surgical ablative and sub-ablative photonic fluences and their 

effects. Additional brief reference is offered relating to the use of photonic energy in 

relation to photochemical effects in tooth whitening and photodynamic processes. 

Of fundamental concern must be the effects of laser operational parametry errors, which 

may result in possible failure through insufficient laser irradiation; of greater concern is 

where excessive parameters are employed and collateral, essentially thermal collateral 

damage ensues [52]. Insufficient light dose as a part of prescribed therapy may be a source 

of some frustration during photothermal laser surgery but it is however, of much greater 

significance in relation to the precise delivery of sub-ablative fluence associated with 

photobiomodulation; this latter aspect will be covered in greater detail later in this thesis. 

1.6 Laser surgical “overdose” – oral soft tissue 

As discussed in Paper I [43], several factors contribute – individually and collectively – 

to an ideal outcome of laser soft tissue surgery.  

• Laser wavelength 

• Laser emission mode 

• Tissue composition 

• Tissue thickness 

• Surface wetness arising from water or saliva 

• Incident angle of the laser beam 

• Exposure time. 
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• Contact versus non-contact modes employed between the laser delivery tip and 

tissue. 

• Thermal relaxation factors—Exogenous (water spray, tissue precooling, high-

speed suction, pulsing/gating laser emission) and endogenous (tissue type and 

density, blood supply). 

Based upon the majority of laser operating protocols issued by manufacturers, a range of 

average power values to achieve oral soft tissue surgical management is recommended as 

0.8Watts – 2.5Watts. Early diode lasers operated with a continuous wave (CW) emission, 

with a rudimentary optional 50% “gating” mechanism; with improvements in technology, 

this has been greatly modifed and improved, with a microsecond gating and kilohertz 

emission train, such that the resulting incision may be both smooth and with inherent 

degrees of thermal relaxation. This provides greater control of laser incision and ablation. 

With the Nd:YAG, Er,Cr:YSGG and Er:YAG solid state lasers, the free-running pulse 

(FRP) delivery has benefitted from improvements that have reduced the pulse width to 

values as low as 60 microsec, to reduce the “thermal footprint” of photonic delivery. The 

carbon dioxide (CO2) laser at 10,600nm CW emission was highly absorbed in water and 

thermal side-effects through surface desiccation of tissue rendered it necessary to remove 

the build-up of charred tissue (Figure #3). Again, with improvements and development 

in technology, micro-second gating has improved the thermal containment and the 

emergence of an all-tissue 9,300nm micro-gated emission laser with a coupled coaxial 

water spray offers still greater flexibility in soft tissue surgical management. 
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Figure #3. The use of the CW CO2 10,600nm laser to ablate oral gingiva. Rapid 

ablation may be compromised by tissue desiccation and potential for thermal damage. 

The prime advantages of laser-assisted oral soft tissue surgery may be listed as: 

• Incisional haemostasis – small diameter muco-epithelial venules, arterioles and 

capillaries may be sealed through vessel wall protein and blood protein / plasma 

denaturation and coagulation.  

• Significant pathogen reduction – a tenacious wound coagulum may act as a 

physical barrier to early bacterial contamination 

• Harmonisation of soft and hard tissue management 

• Uneventful healing phenomena – Photobiomodulation. 

Whether through tissue trauma or surgery, early response may be compromised by an 

innate inflammatory reaction, as well as a bacteriogenic inflammatory reaction. Laser-

induced wound surface coagulum, together with laser-induced PBM effects, may reduce 
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inflammation, pain and promote uneventful early healing. Ref [53]. A graphical  summary 

of how these benefits may be inter-related is offered in Integrated Discussion III Figure 

#2, page 157: “Circle of suffering”.  

Predictable progress in any laser-assisted oral soft tissue surgery procedure is the result 

of photothermolysis; assuming absorption and the application of photonic energy. In 

terms of photonic energy, its density per “spot size” application, which over a period of 

time, will initiate an ascending thermal gradient [54]. Tissue warming in itself may 

predispose to PBM effects, but above 50 0C, the temperature rise will initially cause 

structural tissue proteinaceous material to denature, causing a coagulum of collagenous 

elements and products of blood and plasma products released through the laser incision 

or ablation.. At 100 0C, water vaporisation and gradual tissue desiccation will eventually 

predispose to carbonisation at approximately 200 0C. Carbonised tissue debris, adherent 

to the underlying tissue bed will preferentially absorb incident photonic energy and the 

temperature rise may exceed several hundred degrees, leading to conductive collateral 

thermal damage. Such significant deleterious outcomes may give rise to post-operative 

pain, swelling and tissue derangement, together delaying early healing and promoting 

local tissue disfigurement (Figures #4 - #8). 
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Figure #4 Provisional diagnosis of a giant cell epulis associated with gingival irritation 

from an open tooth contact between the lower right first and second premolar. 

Convention would suggest that excision should be accompanied by scarification of the 

lesion bed in order to reduce the potential for recurrence. Top right: original lesion; 

bottom right: surgical excision using a Nd:YAG 1064nm laser, with the following 

parameters: 250mj pp / 15 Hz / Average Power 3.75 Watts and included laser 

irradiation of the crestal ridge tissues in contact mode. 
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Figure #5. Top: Post operative review at 16 days – complaints of pain and gingival 

bleeding, together with the appearance of early bone sequestrum. This was caused by 

direct thermal damage induced by excess laser power and an ill-considered laser 

wavelength. Bottom (left) and (right): Review at five months and 10 years, fortunately 

indicating no long-term tissue damage or impaired dental function. 
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Figure #6. Provisional diagnosis of localised gingival margin disruption at lower left 

central incisor. Its possible cause is ascribable to the high insertion of lower labial 

frenum; the initial treatment is suggested to release the ‘pull’ of the frenum to allow 

reassessment of the gingival condition. Top left: Presenting condition. Bottom right: use 

of Nd:YAG 1064 nm laser, using the following parameters: 250 mj pp /20 Hz/Average 

Power 4.0 Watts in view of the fibrous nature of the tissue and relatively low tissue 

pigmentation level. 



75 | P a g e  

 

 

Figure #7. Top: Follow up view of the post-surgical site at one week, following severe 

pain and bad taste. Bottom: one week later. Absence of resolution and gross tissue 

damage, ascribable to a combination of poor choice of laser wavelength, excess power 

parameters and inadvertent poor surgical technique of direct contact towards the 

alveolus, disruption of the periosteum and contact with underlying alveolus. 
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Figure # 8. Top: Review of failed frenectomy at two months. Significant gingival 

dehiscence with loss of attached gingival tissue and exposure of underlying bone. Tooth 

vitality remained throughout. Bottom: At 9 months, the decision was made to onward 

refer to receive corrective periodontal surgery through a laterally repositioned flap 

procedure. 

 

1.7 Laser surgical “overdose” – oral hard tissue 

The development of mid-infrared wavelength FRP lasers (Er,Cr:YSGG 2780nm and 

Er:YAG 2940nm devices) for use in dentistry during the mid-1990s, provided a much-

needed opportunity to extend the repertoire of adjunctive laser therapy to hard dental and 

oral osseous tissue surgical management. The early experimental work of Keller and 

Hibst in 1989 [38], led to several laser models capable of so-called “all tissue” surgery, 

in view of the high absorption of both wavelengths in the target tissue water component. 

The average power output of these early models offered a range of 6 – 12 Watts, with one 

capable of 15 Watts. Given the fundamental photothermolytic spallation of the interstitial 

water component as the basis of hard tissue fragmentation in tooth cavity preparation and 

osseous resection, the comparatively long pulse width emission of 250 - 1000µsec not 

only resulted in moderately low peak pulse values, but also allowed the development of 

an extended thermal “footprint”. Although the use of coaxial water spray with these lasers 

allowed debris to be removed, and also contributed to some thermal relaxation during 

emission, within deeper cavity situations, the risk of thermal “stall -out” was ever-present 

[55]. Overall, the efficacy of these early lasers rendered their comparison to rotary hard-

tissue instrumentation as often mediocre, and allowed a temptation to adopt higher 

delivery power values in order to overcome the less-than-optimal performance observed. 
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The risk associated with excessive thermal rise may be seen in Figures #9 and #10. Gross 

thermal cracking in enamel, with also evidence of reformed amorphous (non-prismatic) 

enamel carbonated hydroxyapatite, indicated temperature levels of 11000C [56]. 

 

Figure #9. Scanning Electron micrograph (SEM) of human enamel exposed to high 

thermal deposition FRP laser emission. Gross thermally induced cracking extends from 

the ablation site (Source ref. [57]. 
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Figure #10. Higher magnification of SEM in figure D. Reformed amorphous (non-

prismatic) enamel carbonated hydroxyapatite globules are indicative of thermal 

exposure at 1100 0C [Temperature ref. 56, SEM ref. 57]. 

Of equal significance is the choice of laser emission parameter, relative to its prime 

chromophore(s) or absorptive tissue element(s). With regard to dental mineral, the 

crystalline carbonated hydroxyapatite (CHA) may be represented by the general formula: 

[Ca10(PO4)6-Y(CO3)Z(OH)2] + H2O 

Figure #11 provides a graphical representation of the absorption coefficient of CHA, 

relative to incident mid-IR and far-IR laser wavelengths. From this, it is possible to 

identify absorption bands at 2780, 2940 and 9300 nm, coincident with intra- free water 

and inter-crystalline hydroxyl and phosphate functions [57], and indication of peak 

absorption of the carbonate group at approximately 7,000 nm [58]. These sharp 

absorption bands indicate potential for incident photonic energy to be converted to 

thermal ablative energy within these specific arms of the parent CHA molecule. 
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Figure #11. Graphic representation of absorption coefficient of carbonated 

hydroxyapatite (CHA) relative to mid-IR and far-IR laser wavelengths. Peaks 

coincident with free water and CHA functions. Source ref [57]. 

While this may offer intuitive reasoning to support the application of mid-IR erbium 

lasers, in the absence of any other interactive factors there is argument to support the use 

of the CO2 laser wavelength in hard dental tissue. However, the fundamental emission 

mode of the gas laser remains a continuous wave and as such the thermal build up and 

carbonisation potential may be rapid and of risk to the vital tooth pulp Figure #12. 

Recent development has concentrated on utilising the 9,300nm CO2 emission wavelength 

[59 - 62], which with its high absorption in the CHA phosphate group, together with 

microsecond gating of the photonic emission and co-axial air and water, overcame the 

disadvantage of the soft tissue CO2 laser and provided an alternative to rotary 

instrumentation in the treatment of dental decay. 
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Figure #12. Clinical appearance of rapid carbonisation resulting from irradiation of 

carious dentine, using the CO2 10,600nm laser. Although the recognition that water and 

CHA provided high absorption with this wavelength, the lack of appreciation of full 

operating parameters such as CW emission, no thermal relaxation and no co-axial 

water, contributed to the immediate cessation of this laser use in delivering a cavity 

preparation. 

With the development of greater sophistication surrounding micro-gated mode-locked 

CW emission with the CO2 laser, and ultra-short FRP pulse width as low as 50µsec 

associated with both erbium dental lasers [63, 64], laser-assisted hard oral tissue 

management has greatly improved.  The resulting very high peak power but low thermal 

residue has significantly improved the beneficial outcome of laser-assisted tooth tissue 

management.  

1.8 Summary 

Several questions may be laid at the development of both laser wavelength availability 

and operating parametry; these may be summarised as follows: 
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i/ The quest of early dental laser manufactures to dominate the emerging market has

 led to claims of laser-tissue interaction that were beyond either the prevailing 

 evidence-base or the output capability of laser technology as represented by the 

 device being promoted. Was this an example of anecdote leading the science, 

 necessitating later investigation to explore and expose the “sales hype”? 

ii/  The laser wavelengths represented commercially between 1989 and 1994 may be 

 judged as predominately soft tissue lasers, given the comparatively 

 rudimentary emission  delivery options, such as continuous wave power and 

 possible high (30 – 50%) duty cycle values. Despite the research conducted on  

 prototypes demonstrating emerging FRP mid-IR laser capabilities with hard tissue 

 ablation, did the claims of shorter wavelength, photothermal ablation of 

 pigmented dental caries, result in iatrogenic pulpal damage? 

Iii/ Control panel values as displayed on early lasers represented the basic values of 

average power or (where applicable) energy per pulse and pulse frequency (Hz). 

To what extent did these rather crude parameters, compared to later photo-

delivery sophistication contribute to inadvertent collateral thermal damage? 

Iv/ This in turn led to much of the early (1990–2005) peer-reviewed published 

 works restricting the record of operating parameters to such rudimentary levels.  

v/ It has been demonstrated through both anecdotal case examples and published 

data, that in many aspects of laser-assisted dental treatment the optimal irradiation 

range is often very narrow; the risk of either excessive or inadequate “dose” may 

significantly affect the expected or investigated outcome. 
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Vi/ From the evaluation of aspects of laser-tissue interaction, it remains the impact of 

this thesis to examine published data to consider the hypothesis that the 

combination of incomplete representation of operational values, photonic delivery 

errors and a perceived concentration on visible red – NIR laser wavelengths, has 

significantly impacted the many claimed benefits of laser dentistry and distorted 

opinion as to its efficacy.   

___________________ // ______________________ 

 

Chapter 2:  Laser operating parameters: The impact of 

incomplete data reporting. 

In the preceding section, it has been demonstrated that the application of laser use 

within all aspects of clinical dentistry can be evaluated through analysis of light 

biophysics, chemical pathways and visual evidence of outcome. 

The optimal pathway to growth in the uptake in laser use, as in many fields of clinical 

therapy is primarily derived from data and technique reproducibility; empirical 

published data in giving way to randomised clinical studies, allows a foundation of 

knowledge to define accepted and even preferred new therapies that utilise laser 

photonic energy. In this chapter, a background is provided to analyse the potential 

problems and risks consequent upon inadequate or inaccurate reporting of full laser 

operating parameters.   

• The growth in applied dental laser research has been hampered, to a significant 

level, by difficulties in reproducing exact laser-tissue interaction effects; it is 

believed that this may have contributed to the inconsistency in successive 

studies and investigations. Moreover, this may have been ascribable to either 
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empirical “dose” errors, or the persistent use of early research as a justification 

for laser applications, as referenced in previously cited published data. 

• Throughout the period of investigations and published articles on all aspects of 

laser dentistry, a persistence in omitting essential parameters continues; this has 

distorted evidence-based opinion regarding the benefits of laser use over 

alternative treatment modalities.   

• The concept of “parameter” may draw upon the full operating fixed and variable 

delivery values, and the consideration of how operating parameters may be 

affected by delivery losses. “Parameters” will also extend to the variable values 

of target tissue physical and optical properties, and how they may respond to a 

given laser “dose”.   

• A systematic review of 141 published randomised clinical trials has provided the 

opportunity to examine the percentage of operating parameters, considered 

essential to the complete portrayal of materials and methods, and this is offered in 

Paper II:  “Photobiomodulation Delivery Parameters in Dentistry - An Evidence-

Based Approach”. 

• Fundamental measurement of delivery power using a laser  power meter, fails to 

identify value errors that may influence study conclusions;  such errors may 

distort the development of laser-assisted therapy through inaccurate data 

acquisition and interpretation arising from calibration errors. This is explored with 

reference to Paper III: “The influence of delivery power losses and full operating 

parametry on the effectiveness of diode visible–near infra‑red (445nm–1064 nm) 

laser therapy in dentistry—a multi‑centre investigation”. 

2.1 Anecdote vs Data 
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This consideration offers some insight to the position of lasers in clinical dentistry, as 

opposed to oral and maxilla-facial surgery, to reflect on the poor applied knowledge 

within the clinical professional community that accompanied the emergence of early 

devices – often as cross-over facilities from adjacent medical specialities such as 

dermatology, ENT, ophthalmology and vascular surgery. Following the initial few years 

of the 1990s, when successive laser wavelengths were introduced, a brief period ensued 

to evaluate the fundamentals of surgical applications [65 – 67]. Based largely on the scant 

awareness of the underlying biophysics of laser-tissue interaction and often drawing more 

on the “hi-tech” impact of the word “laser” to a large extent, the progress of laser 

understanding was mainly driven by case reports – often elaborate surgical procedures 

that demonstrated competent individual prowess but, in general justifying the maxim “the 

plural of anecdote is not data”. 

An example of the uncertainty of the success of lasers in dentistry was published in the 

paper of Zakariasen and Dederich (1991) [68], and summarised in the abstract as follows: 

“laser dentistry must be developed through extensive scientific inquiry--as all of our 

treatment modalities should be. We, as a profession, must insist that such laser 

development is done properly, not foisted upon us based on anecdotal reports and 

incomplete research”. 

Apart from early scepticism, much of it from academia, some scientific investigations 

emerged. Much of the published articles however, appeared in non-peer-reviewed 

journals and centred on case reports. Despite this, although early dental lasers had 

comparatively rudimentary operating parameter choices, their use in predominantly soft 

tissue procedures gained support, mostly as surgical instruments and their use in 
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established procedures in minor oral surgery and periodontics [69 – 72]. Many published 

articles discussed the benefits of laser use in soft tissue, such as incisional haemostasis, 

pathogen reduction and reduced requirement for sutures, but little was offered to account 

for claims of “uneventful” healing of the surgical wound.  

2.2 Basic operating parameters 

In terms of laser operating parameters, most early lasers fell into one of two groups – 

those with continuous wave (CW) emission, with additional basic deca-second gating, 

and those solid-state lasers with free-running pulsed (FRP) emission mode, with fixed 

value pulse width; for those early lasers in dentistry, this amounted to carbon dioxide 

(CW) and Nd:YAG (FRP), and from 1992 the emergence of examples of semiconductor 

(diode) lasers with CW emission. Table #1 provides the rudimentary laser operating 

parameters that could be chosen by the clinician: 

Solid-state FRP laser  

(Nd:YAG 1064nm) 

CW laser                                                                     

(CO2 10600nm / GaAS diode 810nm) 

Energy per pulse – mj/pp CW Gated-CW 

Pulse frequency – Hertz Hz Average Power Emission cycle 

(deca-second 

gating – 30%, 50%  

Average Power – Watts W  

(Energy / pulse x Hz) 

  

 

Table #1. Early dental laser operating parameters that could be chosen by the clinician 

and available via the laser control panel. 

As may be noted through published peer-reviewed articles to investigate disadvantages 

and damaging effects of lasers in dental treatment, the potential for misinterpretation or 

mal-application of operating parameters might be considered to be of some significance 

[73 – 77]. Despite this negative background, the ability of adjunctive surgical lasers to 

deliver peri- and post-operative benefits over alternative instruments was maintained and 
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gradual expansion in both technology and operator choice in determining suitable laser 

parameters henceforth developed. 

As was noted earlier and drawing upon the tabulated results recording the molecular 

dissociation energies amongst common oral tissue structural components [44] and with 

the exception of hydroxy function/substituent covalent bonds, it would appear that the 

majority of red visible, near-IR, mid-IR and far-IR photons have insufficient individual 

energy to cleave tissue molecules. Notably, the predominance of photothermolysis as the 

indirect medium of surgical tissue ablation has remained. Although of insufficient 

individual energy, the bombardment of tissue by multi-billion photons will give rise to 

gradual target molecular excitement, vibrational and rotational moments and general 

thermal outcomes of energy transfer, sufficient ultimately to break weak intermolecular 

bonds. By way of example, the stream of photons of an 810nm laser, delivering 1.0 Joule 

of energy may be calculated and quantified as follows: 

Using the formula 

𝐸 =
ℎ𝑐

𝜆
 

Where  h (Planck’s Constant) = 6.626 × 10-34 m2 kg / s  

 c = 300 x 106 msec -1 

and E represents the photonic energy of incident wavelength of 810 x 10-9 metres, to 

equate to the other component values. 

   𝐸 = 6.626 × 10-34  x  
3.0 𝑥 108

810.0 𝑥 10−9 
 

    = 2.958 x 10-19 Joules 

With the laser emission delivering a total energy value of 1.0 Joule, the total number of 

810nm photons required will be: 
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   1.0 J   x  
1 𝑃ℎ𝑜𝑡𝑜𝑛 

2.958.0 𝑥 10−19 
 = 25.41 x 1017 photons 

Thus, having determined the number of photons, in order to influence the delivery of such 

a photon stream, core remaining parameters to be changed would be concentration of 

energy per unit of exposed target tissue, and also irradiation time period. 

With a continuous wave emission, the delivery of 1.0 Joule per second would provide 1.0 

Watt of laser power. Over an exposed area of irradiation of 1.0 cm2, the power density 

will be 1.0 Wcm-2. Within the absorptive capacity and thermal capacity and diffusivity of 

the irradiated soft tissue, the conversion of incident photonic energy to thermal rise will 

be incrementally evident through tissue warming, protein denaturation, water 

vaporisation and tissue ablation. However, the thermal rise would lead to ultimate 

carbonisation and collateral damage. 

By “gating” the CW emission or choosing a free-running pulsed (FRP) emission laser and 

influencing the length of active emission per second – from decisecond through 

millisecond to microsecond (and onwards), the peak power of concentrated active 

emission stream rises. 

With the original 1.0-Watt average power of the CW laser, by choosing the same, 

delivered via a FRP microsecond emission and frequency of 10 Hertz, the power 

distribution over time is changed: 

Average power 1.0 Watts at 10 Hz (10 pulses per second) = 100 milli-joules per pulse 

(100 mj/pulse) and is calculated as: 

100 x 10-3 = 10-1 W 

10 Hz x 10-1 = 1.0 W Average Power 
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Using the same energy per pulse (100 mj and repetition rate (10 Hz), with a FRP laser 

emission pulse width of 100 microseconds, the average power value of 1.0 Watts gives 

rise to peak power values per pulse as follows: 

Peak Power = Energy per pulse ÷ Pulse width 

                                    
100.0 𝑥 10−3

100.0 𝑥 10−6 
   = 1.0 x 103 

  Peak power = 1000 Watts 

With an exposure area (spot size) of 1.0cm2, a value for peak power density may be 

indicative of much more efficient tissue ablation, but with a much-reduced emission time 

through microsecond and even shorter pulses the potential for conductive thermal spread 

is correspondingly reduced [78].  

With laser hard tissue surgery however, the essential element of efficient ablation is to 

address the relatively high average power (>3.0 Watts) with ultra-short pulse width 

delivery, in order to minimise collateral thermal damage, desiccated debris build-up and 

stall-out interruption of interaction. Early versions of the Er,Cr:YSGG (2780nm) and 

Er:YAG (2940nm) were either of fixed repetition rate (20Hz with the early 2780nm laser) 

or moderately long FRP pulse width (200 - 250µsecs), which allowed potentially 

damaging thermal exchange with hard tissue targets. Anecdotally, the frustrating rate of 

ablation with such operating parameters prompted the choice of ever-greater average 

power values, which added to the “vicious circle” of increased thermal damage potential.   

In consequence, using a delivery tip (spot size) of 500 µm diameter, average power of 3.5 

Watts, 10 Hz repetition and a pulse width of 75 µsec, the resulting peak power density 

(peak power ÷ πr2) is calculated as 4,753,427.6 Wcm-2 (4,666.67 Wm-2).  

2.3 Contemporary laser parameter choice 
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Thus, by considering an extended number of adjustable parameters, the basic 

consideration of incident laser wavelength and positive absorption coefficient may be 

positively extrapolated, initially to appreciate the number of photons relative to energy 

delivered. By further adjusting the emission mode and area of exposure, the capacity for 

ablative power may be maximised while minimising the potential for conductive thermal 

damage [79]. 

Through development, current soft tissue CW surgical lasers have allowed a selection of 

emission modes, based upon gating to deliver high frequency, microsecond “pulses” of 

photonic energy [80]. Common values would suggest a pulse width of 15 - 20 µsecs and 

an emission frequency of 20 KHz, and the benefit to the clinician is that efficient peak 

power values are achievable, albeit with a thermal relaxation time of over 50%  per 

emission second [81 - 83]. This provides good incisional efficiency with haemostasis and 

in large part overcomes damaging carbonisation processes [84, 85]. 

Hard tissue surgical management has been shown to achieve efficient and comparable 

ablation rates to that achieved with rotary instrumentation. Microsecond and evolving 

mode-locked picosecond pulse widths will allow increased suitability, whilst preserving 

single digit average power values [86 – 89]. Additional parameter manipulation is 

observed with so-called “all tissue” lasers, where a choice may exist to select the pulse 

width to maximise benefits with hard tissue verses soft tissue – efficient ablation with 

predictable thermal deposition where haemostasis is required. Manufacturer’s pre-set 

parameters also assist in maximising the varying combination of laser operating 

parameters, together with adjustable coaxial air and water for use with the mid-IR erbium 

lasers and the 9,300nm “all tissue” CO2 laser [90 – 95].  
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Through such improvements, together with greater operator awareness of the scope of 

use for a given laser, the potential for error in all areas of ablative laser-assisted tissue 

management may be judged to have been reduced.  

2.4 Laser operating parameters in photobiomodulation 

Photobiomodulation (PBM) may be viewed to be of influence as a by-product of ablative 

surgical laser use, and along a combination of thermal and scatter gradients [96, 97]. PBM 

threshold fluence (energy density) values may be triggered through tissue warming and 

low scatter coefficients, either as single stand-alone or combined phenomena at some 

distance from the surgical zone of laser ablation. Additionally, PBM therapy may be 

delivered as a prescribed sub-ablative fluence, in the adjunctive treatment of existing oral, 

perioral or facial pathology / syndrome.  

It is of note that although awareness of PBM had been known from the early research of 

Endre Mester [98,], early investigations were conducted with the helium-neon (632nm, 

50mW CW) and argon (488nm, 100mW Gated 50%) lasers, which developed a fluence 

of 3 – 4 Jcm-2 [99]. A broad range of both cellular and animal and later human studies 

helped provide a scientific basis to the observed effects of sub-ablative fluences using 

visible light lasers [99 - 101]. However, such research does not appear to have gained 

traction in terms of its application in dentistry until the early years of the 1990s with the 

work of Tiina Karu and others [102 – 106]. 

2.5 Cellular and “downstream” effects of PBM 

The focus of research into the primary intracellular effects of wavelength-specific 

incident light concerned the activity within the mitochondrial membrane and specifically, 

the mitochondrial respiratory chain, or more commonly known as the electron transport 

chain (ETC). The intermembrane space contains several different kinds of electron 
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carriers: flavin mononucleotide, iron-sulphur proteins, coenzyme Q, heme-containing 

cytochromes, and copper ions.  

Compartmentalised as a series of enzyme sites, the sequence may be listed as follows: 

Complex I – NADH ubiquinone oxidoreductase (NADH-CoQ reductase), provides the 

 catalyst for the oxidation of NADH, the reduction of ubiquinone, and the transfer 

 of 4H+/NADH across the coupling membrane [107]. 

NADH + H+ + Q + 4H+
N  NAD+ + QH2 + 4H+

P 

Complex II - Succinate dehydrogenase (SDH) plays a pivotal role in oxidative 

 metabolism. SDH is a tricarboxylic acid (TCA) cycle intermediate that interacts 

 directly with the ETC and ATP production via oxidative metabolism [108]. 

Complex III - Cytochrome c reductase (ubiquinol cytochrome c reductase) mediates the 

 transfer of electrons from coenzyme  Q10 to cytochrome c, the two mobile 

 electron carriers in the respiratory chain [109]. 

Complex IV - Cytochrome c oxidase (CCO) acts as an electron acceptor from Complex 

 III. It is a terminal oxidase of the mitochondrial electron transport chain [110].  

Complex V - ATP synthase uses the free energy arising from the electrochemical gradient 

 (proton pump) within the ETC, to synthesise ATP from ADP [111]. 

As a result of this heightened activity, three molecules emerge with direct (primary) 

effects [112, 113]: 

Adenosine Triphosphate ATP – the main energy source for cellular function. Increased 

levels positively affect cellular activity. 
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Reactive Oxygen Species ROS – modulation activates transcription factors, positively 

impacting cellular repair and healing. 

Nitric Oxide NO● – a potent vasodilator; release of this species increases circulation, 

decreases inflammation and enhances transport of oxygen and immune cells throughout 

tissue, together with promoting further (secondary) activity, such as increased cellular 

redox potential, increased transcription factors associated with RNA and DNA 

biosynthesis, increased cellular pH, and membrane permeability to anions (K+, Na+, 

Ca++).  

The promoted increased activity of mitochondrial complex elements may be summarised 

in Table #2, (drawn from Vinesh E. 2017) [114]. 

PBM effects of 

mitochondrial Complex I 

/ IV ↑ ROS production 

PBM effects through                        

upregulated cytochrome 

oxidase activity 

“Downstream” tissue 

effects of PBM 

Gene expression 

Activates AP-1, NF-kB 

Activates TGF-β1 

Antioxidant modulation 

↑ATP production 

Synthesis of DNA, RNA 

Dissociation of NO● from 

CoX Fe/Cu ligand redox 

activity. 

NO● ↑ keratinocyte 

proliferation  

Cell repair / regeneration / 

autophagy / apoptosis 

modulation 

 

Stimulation of cytokines 

and growth factors 

production 

Stimulation platelet / 

coagulation pathways 

Re-epithelialisation / 

wound healing promotion                              

Proliferation / 

degranulation of mast cells 

Proliferation of oral 

keratinococytes, fibroblasts 

Neovascularisation   

 

Table #2 A summary of direct and indirect (intra- and extra-cellular) consequences of 

PBM irradiation fluence. Data source ref. [114]. Abbreviations: AP-1 Activator Protein 

1, NF-kB Nuclear Factor kappa B, TGF-β1 Transforming Growth Factor beta-1, ATP 

Adenosine Triphosphate, NO Nitric Oxide. 

PBM-induced changes in cell activity may vary to reflect the complexity and 

sophistication of the cell type involved and may also account for the period of irradiation 

required to induce sustained activity changes. In principle, Table #3 provides a list of 
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common oral structural cell lines, together with comments regarding the effects of PBM 

fluence. 

Cell type Observed effect of applied PBM irradiation 

Fibroblasts Proliferation, maturation, locomotion. Transformation into 

myofibroblasts Reduced secretion of PGE2 and IL-1 Enhanced 

secretion of βFGF 

Macrophages Phagocytosis  

Secretion of fibroblast growth factors  

Fibrin resorption 

Lymphocytes Activation 

Enhanced proliferation 

Epithelial cells Motility 

Endothelium Increased granulation tissue 

Relaxation of vascular smooth muscle 

Neural tissue Reduced synthesis of inflammatory mediators. Maturation and 

regeneration of axonal growth 

Osteoblasts Enhanced proliferation 

Table #3. Summary of effects of applied PBM fluence on common                                             

oral tissue structural cell lines. Abbreviations: PGE2 Prostaglandin E2 also known as 

dinoprostone, IL-1 Interleukin 1, βFGF β Fibroblast Growth Factor. 

Through investigation of these specific and general effects of applied PBM, cellular, local 

tissue and regional complex tissue outcomes have been referenced through peer-reviewed 

publication [115 – 123]. 

With regard to this therapy, additional photo-biological principles may be derived through 

the following laws: 

• Grotthus-Draper law, also known as the first law of photochemistry, or principle 

of photochemical activation, where the incident light must be of appropriate 

wavelength (λ) to be absorbed by a recipient absorptive molecule. 

• Stark-Einstein law, also known as the second law of photochemistry states that 

for each photon of light absorbed by a chemical system, only one molecule is 

activated for subsequent reaction i.e., each molecule absorbs one quantum of 

(incident) light. 
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• Bunsen-Roscoe law  The photo-chemical effect is a function of the product of 

light intensity and duration of exposure. 

The effects of PBM may manifest themselves within the irradiated cell, local tissue and 

downstream via the circulation and neural pathways – i.e., the autocrine, paracrine and 

endocrine effects [124].  

The choice of laser wavelength centred around the visible red, extending to the near-IR 

regions [125], where principal tissue chromophores (haemoglobin and melanin), along 

with intracellular mitochondrial cytochrome c oxidase, were shown to have high 

absorption at shorter wavelengths, and with high tissue scattering; tissue water has been 

shown to strongly absorb infrared light at wavelengths > 1100-nm. 

Through the expansion of clinical evaluation studies, a number of oral and maxillofacial 

pathologies have been shown to benefit from laser PBM effects, either as the prime 

protocol or as a side-effect benefit of laser surgical action [126]: 

• Surgical wounds of oral soft tissues 

• Oral mucositis associated with cancer & radiotherapy 

• Supportive treatment in MRONJ 

• TMJ Disorders- pain relief/ healing 

• Xerostomia 

• Osseointegration & Bone regeneration 

• Accelerating healing of damaged neural tissues 

• Accelerated tooth movement / pain relief in orthodontics 

What is of fundamental relevance to the benefits of laser-induced PBM is the pairing of 

wavelength and photon fluence. Fundamental cell-directed research would offer 
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empirical dose-outcome evaluation and current opinion would suggest that the range of 

fluence values, both associated with healing promotion and analgesia, are narrow and 

critical, as represented through text and graphics explanations provided in Chapter IV, 

Page 211 Figure #13 [123].  

2.6 Photonic “dose” in PBM 

The photonic energy delivered at a cellular level will be dependent on anatomy and 

optical properties of the irradiated tissue. The optimal biostimulation fluence has been 

determined to be between 3-10 J/cm2 depending on tissue type [127]. It may be safely 

extrapolated from such investigation that these critical fluence values would apply to the 

“uneventful healing” phenomenon cited as a significant benefit of surgical laser use in 

oral tissue management. In a similar fashion, to extend the dose applied beyond positive 

biostimulation, the inhibitory effects extend to influence and inhibit neural pathways, 

nociceptor sensitivity and also axonal conduction [123]. 

“Apple pie recipe”- Notwithstanding the fundamental parameters of laser photonic 

delivery – wavelength and photon fluence – the extensive list of intrinsic, adjustable and 

calculated (extrapolated) parameters (Introduction, Table #1, page 37), will exert an 

increasing influence on the reproducibility of the procedure where laser use is a chosen 

modality. By way of simplicity, to use an internet search engine to obtain a recipe for 

apple pie: an image of a perfect product defines the outcome, yet the preparation and 

cooking instructions amount to “apples, pastry, sugar” and “cook in oven”; for a given 

laser-assisted procedure such as labial frenectomy, similar operational words “fire laser”, 

“obtain haemostasis”, “1.0 Watts”, would severely impact on any possibility of a 

controlled or satisfactory outcome. 
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If one is seeking to ensure a perfectly prepared and cooked apple pie, in much the same 

manner as if one would seek to carry out an optimal laser-assisted frenal resection, the 

nearer that the contents of Table #1 were available to apply, then clearly the greater the 

chances of success. 

Choosing the correct “light dose” is difficult. The dose depends on the pathology and 

symptoms and in particular upon how deep the light will penetrate into the tissue. 

Additional factors related to light dose may be viewed as:  

“Instantaneous” dose 

“Cumulative” dose – repetition / timeline 

2-Dimensional dose: Fluence – Radiant Exposure (Joules / cm2) x Time 

3-Dimension (volume) dose - Energy Density (Joules / cm3) x Time 

Total energy (Joules) delivered 

This concept remains the core fundamental aspect of this doctoral thesis. To date, there 

appears to be only a scant structured audit of laser operating parameters, with most 

comments being in the form of editorial or personal comment [128 -131]. 

The second published paper (Paper II: Photobiomodulation Delivery Parameters in 

Dentistry: An Evidence-Based Approach) included in this thesis by concurrent 

publication represents an audit of 141 published articles, in order to assess the type and 

number of optimal operating parameters. Additionally, the influence of optimising 

clinical outcome relative to the area of tissue exposed to a given laser application, is 

subjected to statistical analysis to identify the ideal applicator, its area of application and 

depth of penetration (relative to wavelength) and site of pathology to be treated.  
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2.7 Paper II: Photobiomodulation Delivery Parameters in Dentistry: 
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Background 

Notwithstanding around 50 years of continued research, and with an ascending level of 

current research submissions, there is at present no agreed methodology and process to 

adopted treatment protocols. Dosimetry at target tissue level is, however, largely agreed, 

and more recent proposals have promoted the concept of a multiphasic dose–response to 

clinical outcomes [1]. Higher dosimetry appears to be the most effective for analgesia, 

and a lower dose bracket for the growth-promoting and optimal tissue healing benefits 

associated with tissue regeneration and the resolution of inflammation [2–6]. There is, 

however, no agreement with respect to wavelengths adopted, spectral emission modes, 

optical beam spatial profiles, and the optical surface spot size, together with the inter-

relationship of these variables to optimize therapy outcome. Further, energy delivery to 

subsurface targets has proven to be a significant challenge, with the requirement for the 

operator to deliver a meaningful photonic dose to target through overlying anisotropic 

multiple layers of variable tissue types [7–9]. 



99 | P a g e  

 

However, despite the many difficulties that have been encountered by researchers and 

clinicians alike, there is considerable interest in harnessing the proven benefits of 

photobiomodulation (PBM) as a therapy. This has led the authors to consider broadly and 

as widely as possible within the prior published evidence base factors that can more 

consistently lead to reduced operator errors and a higher level of research and clinical 

endeavour outcomes. 

For the purpose of this study, the authors considered that a prime objective in maintaining 

the sustainability of evidence-based data is to mandate a full description of laser operating 

parameters, both those concerning control panel running parameters and computed data 

relating to photonic dose. In this regard, the authors conducted an audit of published 

randomized clinical trial (RCT)-level articles that formed the basis of five recent 

systematic reviews. Within a total of 141 published articles, a selection of criteria that 

contributed to a ‘‘risk of bias’’ determination was examined. From this, it is asserted that 

the high level of absence of some basic values of photonic energy delivery renders cause 

for concern regarding the scientific rigor of conclusions obtained in such studies. 

Methods 

Using keywords (Photobiomodulation Parameters, Orthodontics, Dental 

Hypersensitivity, Oral Surgery, Myofacial Pain Management, and Oral Mucositis), our 

five recent published systematic reviews identified a series of group sets of articles that 

are subject to the inclusion and exclusion criteria as recommended in the PRISMA 

statement [10], and not the least of which, the results of randomized clinical trials [11–

15]. Further, a modified risk of bias assessment was adopted [16], where appropriate, in 

the four most recently published clinical systematic reviews focused on laser-assisted 

post-surgical tissue outcomes using wavelengths outside the 650nm–1350 nm ‘‘optical 
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window,’’ laser-assisted oral mucositis management, and two articles based on dose 

parameters and methodology in clinical dental studies. 

The latter studies evaluated (1) parameters associated with PBM therapy and benign 

pathology; (2) tissue healing/PBM therapy applied post-surgically in relation to 

pain/swelling and early healing; (3) TMJDS and pain/salivary flow with reference to 

PBM therapy; pain/PBM therapy with tooth hypersensitivity; (4) myofacial pain 

dysfunction syndrome and PBM therapy related to orthodontic tooth movement 

(OTM)/rapid maxillary expansion; and (5) pain associated with orthodontic treatment. 

Where possible, reported delivery parameters were collated and weighted against a five-

point scale of clinical success rating outcome versus control from zero (null) in 

increments of 20% to a top level of five representing an outcome versus control of 80% 

plus. 

A variety of statistical tools have been employed using, where appropriate, ANOVA and 

ANCOVA, along with multivariate and further univariate analysis. In the oral mucositis 

study, a partial least-squares regression technique was performed, where the dependent 

variable was treatment outcome, and the potential explanatory ones were 2 qualitative 

and 13 quantitative predictor variables to define a log differential of outcome using 

XLSTAT2016 software. For statistical significance, a Bonferroni-corrected p-value was 

set as a significance level, which in the case of the oral mucositis study was 0.0033, and 

in the most recent parameters study, 0.031. 

The focus of this report was to consider the percentage value of individual ‘‘risk of bias’’ 

elements recorded in the representative sample of articles focused on PBM applications 

in dentistry and examined in the five most recent systematic reviews [11–15]. 
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Elements examined were as follows: emission mode; use of a power meter; ‘‘spot size’’ 

measured; fluence (radiant exposure); irradiance (power density); total energy delivered; 

‘‘dose’’ frequency; and PBM outcome significance. 

Results 

Primary investigation of delivery parameters included an audit of a total of 141 published 

articles, forming a database within five systematic reviews, all of which were human trials 

published from 2009 to 2019 [11–15]. Eight risk of bias elements were chosen to provide 

a range of parameter values that were identified as indicative of a ‘‘best practice’’ 

approach to inclusiveness, and ease of study reproducibility. The average percentage 

values for each risk element represent studies where either this element was recorded as 

part of the study design, or where its value recorded. 

Table 1 provides a summary of risk of bias elements. 
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    Table 1 summary of risk of bias elements. 
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Discussion 

An audit of selected risk of bias elements has been carried out through the analysis of 

human RCT studies published between 2009 and 2019, and which were contained within 

a series of five systematic reviews. Many reports demonstrated inconsistencies in 

reportage with apparent frequent omissions of the use of a power meter to calibrate the 

optical source, since the majority of studies (>70%) examined failed to record the use of 

a power meter. 

In consequence, for studies that investigate a comparative range of average power values, 

levels of power loss from a noncalibrated source can render data acquired as severely 

compromised. In addition, there were many absent details regarding the optical spot size 

at the target, the technique adopted (such as contact vs. non-contact methods), beam 

divergence angles, distance to the target from the optical source, size and depth of the 

target, treatment times, and emission modes (i.e., gated vs. continuous wave). Our later 

investigation of optical parameters included 38 human studies throughout an 11-year 

period from 2009, which were grouped according to surface optical spot size into 3 groups 

of small (16 studies), medium (9 studies), and large (13 studies) [12]. 

A comprehensive dataset of reported parameters and outcomes was subjected to analysis 

to identify common threads associated with successful, inconclusive or null outcomes. 

From these evaluations, it was found that there was a strong association between surface 

optical spot size and success where a larger optical spot size was employed. This 

difference was particularly noteworthy in the management of subsurface dental 

conditions ( p < 0.003). In our study of oral mucositis, 29 human studies spanning a period 

of 24 years from 1995 were included [13]. 
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The timing of the PBM therapy was found to be a critical indicator of a high rate of 

success, with a pre- or contiguous-timing of irradiation to the radio- or chemotherapy 

being delivered. Again, the application of larger surface spot sizes was identified as a 

more successful strategy, and a trend was identified associating higher energy 

applications to improved pain control in the management of extant cancer chemotherapy- 

or radiotherapy-associated oral ulceration. 

A further study investigated the possible PBM effects in wavelengths outside the normal 

range adopted of 630nm–1350 nm, with the application of strict selection criteria, which 

included 25 human studies from a period of 10 years up to May 2020 [14]. Clear evidence 

of PBM effects in both shorter as well as longer wavelengths was identified. Moreover, a 

2019 systematic review of OTM and pain control from our group included 17 human 

clinical trials covering the 5 years from December 2013 to December 2018 [15]. A low 

level of evidence to support accelerated OTM was identified, with a more moderate 

degree of verification for pain prevention by the use of PBM at the time of orthodontic 

intervention. 

Scientific progress is marked by the essential requirement for continued re-appraisal as 

new evidence emerges, together with a willingness to adapt. For better or for worse, this 

creates the occasion to re-validate given beliefs and at its best allows a favorable 

progression. Thanks to the good efforts of many researchers and clinicians worldwide, 

buoyed by an ever growing evidence base, PBM is one of the fastest growing areas of 

current medical scientific endeavour. Given the absolute need for solutions related to 

chronic disease inclusive of age-related changes, there is an unprecedented level of 

interest in the potential clinical gain for PBM in many therapeutic applications. 
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However, despite the large volume of published studies, it is regrettable that there is 

continued controversy with respect to predictable and reliable dosing and dose delivery 

strategies. As identified in our earlier systematic review featuring a report of delivery 

parameters, there are many aspects of methodology and accurate descriptions sufficient 

for a consistent level of reproducible research. In view of this, comparisons of results 

acquired from different studies globally are rendered very complicated. Also, there are 

core aspects of knowledge related to optical delivery that are essential to determine an 

appropriate dose for a target of variable dimensions and subsurface levels. 

An added consideration is the volumetric effects of energy delivery, whereby by virtue 

of photon attenuation consequent to optical scatter, there may be dual layers of outcome. 

Nearest to the optical source, there may be sufficient applied energy to result in tissue 

inhibition with associated analgesia, whereas at the periphery of the tissue, the energy 

levels maybe more consistent with photobiostimulatory effects, including the resolution 

of inflammation. For this reason, caution must be exercised before attempting to 

extrapolate outcomes based on planar tissue culture research on to animal or indeed 

human clinical studies. 

To avoid confusion to both researchers and clinicians, it is most important to have 

reproducible measures, and standardization of the approach to treatment requires a mature 

appreciation of the significance of the dosimetry terminology employed, particularly with 

respect to subsurface tissue targets. A common expression of dose is fluence or energy 

density; however, in view of the volumetric nature of the cellular target, and the variable 

potential rate of energy delivery, these terms are prone to mislead, since the dose is the 

time accumulated in J/cm2 at tissue level. As identified by Hadis et al. [17], fluence 

(radiant exposure) is the correct technical term for J/cm2, whereas dose must take into 
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account the optical exposure time element (T). The term energy density is frequently 

applied in the literature to indicate dose; however, this is a volumetric measure of J/cm3. 

Within such considerations, it may be helpful to reference the depth of penetration of the 

beam when delivering PBM therapy to subsurface pathology—commonly accepted as a 

linear measurement, but instead is often a function of tissue depth and scatter coefficient 

[18]. In essence, to achieve a meaningful dose at subsurface levels, it is essential to 

compensate for optical tissue attenuation by administering a higher time accumulated 

surface radiant exposure (J/cm2 · T). 

Given the size of the extant literature, it is becoming possible to seek common attributes 

for successful or failed approaches to dosimetry and delivery processes. The verification 

that a large optical surface spot size is associated with a considerably higher number of 

reported positive outcomes is significant. Many of the earlier studies that focused on oral 

mucositis management, however, have reported favorable results using a small diameter 

optical probe [19,20]. 

This is most likely, in our opinion, attributable to the condition nature being a superficial 

rather than deeper placed pathology. Indeed, the statistical analysis of differences in 

outcomes in a wider range of oral pathologies between the use of small, medium, and 

large surface optical spot sizes indicated a highly significant difference between large and 

medium and small spot sizes in deeper pathologies [13]. Also, there was a pronounced 

differential between large and medium versus small optical spot sizes in superficial 

conditions (Fig. 1). 
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FIG. 1. Plots of mean – 95% confidence intervals for the large, medium, and small spot 

size treatments at both deep (black) and superficial (red) target sites. Δ Output score 

represents differences determined at both deep (black) and superficial (red) target sites. 

Δ Output score represents differences between the mean clinical outcome score 

variables observed for the laser and control treatment groups, determined between the 

mean clinical outcome score variables observed for the laser and control, which was 

positive for all 38 studies reported (reproduced from Ref.12). 

In respect of clinical practicalities, the application of multiple points with a small probe 

takes far longer and requires greater operator skill than using a larger diameter beam. 

Further, to achieve a meaningful dose at the required depth with a small diameter probe 

poses many difficulties. In view of the high photon diffusion and optical remission within 

the tissue occasioned by reflection and optical scattering with red to near-infrared sources, 

there is a considerable degree of power losses. These occur first of all at the surface with 

reflection from the skin surface resulting in a 4–7% power loss. At the epidermal-dermal 

boundary, there is considerable lateral diffusion of the beam with a high photon boundary 

overlaying a zone of onward progress toward a subsurface target [18]. 

Beyond this boundary zone, there will be some amplification occasioned by photon 

collision if a coherent light source (laser) is employed. Onward optical transport of red to 



108 | P a g e  

 

near infra-red (NIR) wavelengths is primarily forward rather than lateral scattering, 

although there can be significant power losses experienced because of back remission of 

the photon stream, a process resulting in radiant exitance. In a study of a 660 nm source 

in gingival tissues, Alvarenga et al. [21] found this to amount to a ca. 50% loss of power 

at a 5-mm depth from the tissue surface (Fig. 2). 

 

FIG. 2. Outcomes of optical transport at a target tissue give rise to significant energy 

loss (radiant exitance) (reproduced from Ref.12). 

We are currently assessing optical transmission patterns under a wide variety of 

parameters, and to date have achieved some interesting results. By use of a porcine muscle 

tissue model of various tissue thicknesses, the transmitted power levels and optical spatial 

distribution of the system were recorded using an Ophir beam profilometer. The outcome 

very clearly demonstrated that to achieve dose delivery to the required depth requires a 

greater volume of tissue exposure than that for identical settings for radiant exposure. 

Moreover, irradiance with a small optic probe or cluster of probes was unable to penetrate 

to anywhere near the same volume at depth as a larger probe (Fig. 3A, B and Fig. 5A, B). 
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FIG. 3. (A) Planar render of the spatial beam profile of 4 · 3.7mm diameter 650 nm 

calibrated laser sources 2 cm apart, each set at 200mW output power, applied to a 4mm 

thickness porcine muscle tissue sample. 

 

(B) Three-dimensional render of the spatial beam profile of 4 · 3.7mm diameter 650 nm 

calibrated laser sources 2 cm apart, each set at 200mW output power, applied to a 4mm 

thickness porcine muscle tissue sample. 

A further observation is that an optical scanning technique to cover larger areas, 

especially in subsurface pathologies, is unlikely to succeed with a small sized probe. This 

is ascribable to the relatively low exposure of the tissue volume to irradiation, by 
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comparison to the similar application in the scanning mode to a larger diameter applicator 

(Fig. 4A, B). 

 

FIG. 4. (A) Planar render of the spatial beam profile of a 13mm diameter 650 nm 

calibrated single laser source at 550mW power applied to the same tissue sample at 

4mm thickness (image from our current research: article in preparation for 

submission). 

 

FIG. 4. (B) Three-dimensional render of the spatial beam profile of a 13mm diameter 

650 nm calibrated single laser source at 550mW power applied to the same tissue 
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sample at 4mm thickness (image from our current research: article in preparation for 

submission). 

 

FIG. 5. (A) Planar view render of the beam profile of two parallel optic beams 2.5 cm 

apart applied to a 3mm thickness porcine muscle tissue sample. Image offered as a 

guide to the reader to demonstrate the lack of lateral spread from the tips. Note the 

Gaussian distribution and the relative distribution of energy from high within the 

surface layers to very low at subsurface levels. Sources are 650 nm calibrated lasers at 

200mW output power, beam diameter at source 3.7 mm, in close contact to the target 

tissue (image from our current research: article in preparation for submission). 
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FIG. 5. (B) Three-dimensional render of the beam profile of two parallel optic beams 

2.5 cm apart applied to a 3mm thickness porcine muscle tissue sample. Images are 

offered as a guide to the reader to demonstrate the lack of lateral spread from the tips. 

Note the Gaussian distribution and the relative distribution of energy from high within 

the surface layers to very low at subsurface levels. Sources are 650 nm calibrated lasers 

at 200mW output power, beam diameter at source 3.7 mm, in close contact to the target 

tissue (image from our current research: article in preparation for submission). 

Returning to our recent oral mucositis systematic review, a key finding was that early 

intervention with PBM before or at the time of the medical intervention by radiotherapy 

or chemotherapy was the optimal approach to employ [13]. Our statistical analysis 

provides proof to support the expert consensus statement on oral mucositis from the 

MASCC/ISOO 2019 systematic review by Zadik et al., and the outcome determination 

was indeed a statistically robust effect [22]. 

It is recognized that PBM optimizes cellular metabolism into an aerobic cycle of 

metabolism, and consequently, there is a reduction of tissue stress-induced apoptosis. 

PBM works on many planes since there can be a photo-induced mitigation of 

inflammatory cytokines, plus an improvement in vascular perfusion of tissues, along with 

an increase in lymphatic drainage. Further, there are many changes in the immune 

response, which can favour a positive outcome to an intervention such as surgery [2,3]. 

The concept of pre-conditioning or contiguous conditioning of tissues before a tissue 

traumatic event, we believe warrants further investigation, since this may be of assistance 

in many clinical situations [23]. In our recent orthodontic systematic review, we found 

evidence to support the use of PBM to reduce pain associated with orthodontic treatment 

[15,24]. In addition, there are a number of small-scale studies that have compared the 

equivalent or near-equivalent effects of PBM to steroids toward the mitigation of post-

surgery edema and trismus following third molar extractions [25,26]. Aside from routine 

care, we propose that this concept of conditioning may be worthy of examination as a 
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supportive measure, that is, a prequel to medical and surgical interventions, especially in 

medically compromised patients. 

In respect of modes of action of PBM and dosage, the literature reflects the dominance of 

the concept that PBM is primarily a function of the selective absorption of photons at 

complex IV of the mitochondrial electron transport chain, a process increasing the activity 

of cytochrome c-oxidase (CCO), which results in an increase in ATP production at 

complex V. It has been proposed that certain wavelengths have a high affinity for CCO, 

and as such, these represent the optimum wavelengths to use for PBM [27,28]. 

However, the evidence base does not support this contention, since many wavelengths 

have been found to give rise to positive photon-induced cellular metabolic changes 

[14,29,30]. Indeed, our recent systematic review of wavelengths outside of the 

conventional visible to NIR wavelengths usually applied for PBM therapies found 

evidence to support biomodulatory effects in wavelengths both shorter and much longer 

than those that fall into the so called ‘‘optical window’’ for therapy. 

Photon energy transduction mechanisms can include many pathways, including 

photothermal, photoelectrical, photomechanical, photochemical, photofluorescence, and 

photomagnetic changes [31,32]. There are many potential cellular targets for PBM-

related effects, including photo-labile membrane-bound ion gates, as well as other 

intracellular organelles such as the endoplasmic reticulum. Broader band absorption by 

dark pigmented bodies such as flavins, porphyrins, and nuclear chromatin, along with 

Cu/Fe and other transition metal ion protein clusters, may be important factors in PBM-

related metabolic changes. 
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Our published review on the evolutionary and metabolic aspects of mitochondrial 

regulation explores these issues further [1]. From an expanded review of the non-PBM 

literature available, there is evidence supporting the requirement to take into account 

intracellular microthermal inclines, which may be of high significance in the processes 

associated with laser-induced analgesia. Given the extended non-PBM evidence base, for 

example, that related to heat stress proteins, the presence of membrane-bound transport 

ion gates, including photo-labile transient responsive proteins, and the uncoupled protein 

response to elevated cytoplasmic levels of reactive oxygen species among other pathways 

of cellular reactivity to stimulus, we proposed that it was appropriate to review all the 

potential mechanisms of PBM action within the greater context of these reports. 

A further recommendation from our 2019 literature review was that it may be time to 

move away from the binary concept enshrined by the Arndt-Schulz rule [33] to that of a 

multiphasic event. This premise was based on the observation that PBM is not solely an 

effect restricted to biostimulation, since there is a dose range beyond that associated with 

the stimulatory range of 2–8 J/cm2, which offers benefit in photon-induced analgesia. Our 

recent extended studies of the literature support the dosimetry of 2–8 J/cm2 at tissue level 

for biostimulatory effects, and 10–30 J/cm2 for PBM associated analgesia. 

There are a number of important considerations to take into account before instituting 

treatment. First of all, there is the size and depth of the target: is it superficial or is it 

subsurface, and if so, at what depth? The dosimetry we derived from our multiple 

systematic reviews is the level of energy required at the target level. Visible red to NIR 

laser sources are subject to a high degree of optical scattering and optical remission 

resulting in energy losses, such that at 1 cm depth, there remains around 5–10% of the 

energy applied at the surface [7,18,34]. For example, to achieve a unit dose of 5 J/cm2 at 
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1 cm in depth, it would be necessary to supply a minimum of 10x the delivered dose at 

the surface (50 J/cm2).  

Similarly, to reach 15 J/cm2 at 1 cm in depth, it would be necessary to administer 150 

J/cm2 to the surface. It is premature to offer a definitive solution at this stage in the 

evolution of the evidence base, for the management of deep seated pathologies, beyond 1 

cm in tissue depth. 

However, when delivering higher doses to the surface, there is the potential hazard of an 

appreciable thermal rise in the superficial tissues overlying the target. To compound this 

concern, the optical spatial beam profile across the beam is not even since it is a Gaussian 

beam with an energy in the mid-third of the beam 2–4x higher that of the perimeter. This 

is particularly pertinent to larger handpiece attachments as to allow for the larger surface 

optic footprint the overall power output by necessity is higher than it would be for a small 

probe. For example, with a hand piece with an optic footprint of 3 cm in diameter, the 

area is ~7 cm2. 

To deliver an average dose of 250 mW/cm2, a power output setting of 1.75 W would be 

necessary. With a static beam, the irradiance of the central third of the beam is achieving 

a peak in excess of 1 W. Given an extended treatment time to achieve an adequate dose 

at depth, this may overexpose the tissues at the surface, resulting in phototoxicity 

expressed as a photo-induced dermatitis [35]. 

To avoid this difficulty and to achieve a more uniform dose delivery, it is advisable to 

adopt a slow sweeping motion to more evenly distribute the energy and avoid 

overexposure of the tissues in the center of the beam. Other possible solutions include the 

adoption of an optically corrected source as in the so-called ‘‘Flat-Top’’ hand piece or to 
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integrate a thermal camera with a safety system. Our current research also indicates that 

the choice of wavelength applied is significant both for optical transport of photons to 

depth as well as the mitigation of superficial layer thermal trauma. 

There is considerable scope for continued guided research into PBM dosage and delivery 

techniques. Indeed, our current work for future publication is investigating many aspects 

of dose parametry with respect to the choice of wavelength, irradiance, fluence, 

thermography, and optical spatial beam profiles, particularly with regard to large 

Gaussian beam devices and optically corrected ‘‘flat-top’’ surface beam sources. Our 

group is also most interested in further investigating some of the underlying mechanisms 

of PBM, most especially in the context of wavelengths beyond those within the visible 

red to NIR regions. We view PBM as an area with considerable clinical applications, and 

together with the excellent efforts of our colleagues worldwide, we expect considerable 

progress in this exciting field commensurate with the greater adoption of this safe, 

nontoxic, and effective therapeutic approach. 

Conclusions 

Our extended systemized reviews of published literature have allowed the examination 

of several key laser operating parameters, using an adopted Cochrane-type risk of bias 

analysis. Our chosen models included orthodontics, along with the management of cancer 

therapy-related oral mucositis and two further broader studies encompassing many 

dental-related conditions. Our analyses have provided support for our consensus of the 

need to re-appraise the concepts associated with PBM mechanisms, as well as added value 

to our proposal that PBM is a multiphasic event. 

Further, we have identified that early interventions with PBM offer an optimal approach 

toward a successful level of patient care. Our recommendations are that dose delivery is 
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best served with a large surface spot size and a corresponding higher overall delivery of 

energy, although at lower levels of radiant exposure and irradiance. 

Finally, to effectively and reliably deliver the correct dose requires an appreciation of 

target size and location, along with an understanding of scientifically correct terminology, 

together with the added knowledge concerning photon tissue transport mechanics. 

Author Disclosure Statement 

No competing financial interests exist. 

Funding Information 

No funding was received for this study. 

Address correspondence to: 

Steven Parker, BDS, LDS RCS, MFGDP 

School of Pharmacy 

De Montfort University 

The Gateway, Leicester 

LE1 9BH, UK 

E-mail: thewholetooth@easynet.co.uk 

Received: August 13, 2021. 

Accepted after revision: October 18, 2021. 

Published online: December 22, 2021. 

___________________ // ______________________ 

 

2.8 Risks associated with incomplete operating parameters 

Taken from the Paper II study, herewith Table #4 provides tabulated audited 

representation in Paper II of “Risk of Bias” (ROB) [132] elements, applied across the 

analysis of five systematic reviews [133 – 137]: 
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Table #4. Modified Cochrane Risk of Bias elements of laser operating parameters, their 

average numerical representation in the collective of five systematic review published 

papers (Paper Ref. #1 - #5). Collected data over all 141 papers is then averaged to 

provide a representation of how included each parameter is referenced, running from 

22.6 to 78.8%.  

For the purpose of Paper II, the ROB elements chosen were: 

• Emission mode  

• Use of a power meter 

• “Spot size” measured 

• Fluence (radiant exposure) 

• Irradiance (W/cm2) 

• Total energy delivered 

• “Dose” frequency 

• Significance of PBM outcome 

The implication of such findings receives greater significance when the source paper with 

modest to low operating parameter details is used to promote a clinical procedure. The 

“apple pie” recipe metaphor has been shown to be pertinent, and the implication for poor 

treatment outcome when incomplete details of parameters are allowed to persist.  
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Of greater concern, the low findings of 22.6, 23.3 and 26.7%, relating to the recording of 

irradiance (power density), the use of a power meter and laser emission mode 

respectively, may predispose to the clinician who seeks to emulate the paper’s findings 

creating an unintended outcome of tissue damage, postoperative pain or underachieved 

surgical outcome through the incomplete consideration of operating parameters. 

As part of the study audit, analysis was performed regarding the significance of optical 

“spot” size, in terms of efficient PBM therapy and optimal tissue penetration. To this end, 

the study provided clear verification that a large optical surface spot size is associated 

with a considerably higher number of reported positive outcomes, and this was markedly 

significant; in addition, irradiance with a small optic probe was unable to penetrate to the 

same depth as a larger probe. 

Further cause for concern relates to the influence of gaussian distribution of fluence / 

irradiation in terms of actual densities at varying points relative to the overall average 

value of the measurement being made. Since the graphical representation of gaussian 

distribution allows an average to be determined as 1/e2 (e = Euler’s number), at the centre 

of the irradiated area and at the periphery, density values provide high and ever-reducing 

intensities, respectively, as determined mathematically and accepted through publication 

[138]. Taken from this study, the centre of the “beam spot” may deliver 40 – 50% higher 

than the “average”; in consequence, average power values as portrayed in published 

studies may then offer a distorted picture of optimal laser-tissue interaction, relative to 

the reported outcome of treatment.  

Furthermore, with large, irradiated areas and gaussian X-sectional beam distribution, the 

effects of fluence / irradiation variation may be exacerbated and compromise the effective 
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photonic dose. With a nominally small “spot” size, related to the commonly found quartz 

optic fibre as 300µm diameter, the consequence of such distortion would be negligible 

(0.0007cm2). However, with a much larger spot size and diameter of 3.0cm, the affected 

area becomes much greater, i.e. 7.0 cm2, and errors assume greater significance. Once 

more, the failure to indicate the diameter of the delivery tip and computed fluence, relative 

to the average power would indeed have significant implications. As shown in Paper II, 

there is statistical significance between both beneficial outcome and tissue penetration, 

when choosing a larger rather than smaller delivery units. 

It is pertinent to explore the relative emphasis of parameter recording, since it may be 

applied to PBM, and compared to a general area of surgical fluences with both soft and 

hard oral tissues. Key aspects may be listed as: 

(i) Differences in delivery tip temperature 

(ii) Differences in fluence / dose value 

(iii) Differences in delivery spot size 

(v) Differences in emission modes 

(iv) Influence (PBM) of volumetric energy transfer with deep pathology (<1cm) 

(i) Differences in delivery tip temperature: with visible, near-IR and far-IR 

wavelength laser action, the predominant laser-tissue interaction associated with surgical 

management of oral soft tissue, is photothermal i.e. incident photonic energy is absorbed 

by target tissue and converted to thermal energy; as referenced above, key temperature 

levels are 60 0C (protein denaturation), 100 0C (water vaporisation). Longer wavelength 

far-IR irradiation at 10,600nm, through its high absorption in tissue water leads to ready 
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desiccation of surface tissue components and eschar; it remains incumbent on the 

clinician to recognise such potential and remove the desiccated deposit to prevent 

carbonisation and allow fresh tissue irradiation to progress [139]. Such potential for 

eschar and carbonisation remains the prime caution associated with this wavelength when 

applied to oral soft tissue. Albeit the depth of interaction of this wavelength amounts to a 

depth of penetration at 1.0 mm of oral mucogingival tissue [140], the lateral conductive 

collateral damage potential of carbonisation remains a challenge to ideal surgical 

outcome. 

With shorter wavelengths, the challenge remains the empirical absorptive capacity of 

tissue elements relative to wavelength and inherent photonic energy. Tables #1 and #2 

(Paper #1) explores the intrinsic incapacity of pure photonic energy relative to 

wavelength, of the majority of available laser wavelengths. In essence, the individual 

photonic energy value of the majority of wavelengths from 600 – 1064nm fail to deliver 

sufficient incident energy to cleave the structural tissue molecular component bonds. 

Since earlier discussion has related to the very high number of photons and their effect 

on target oral soft tissues (Chapter I, Page #40), the most efficacious method of enhancing 

laser – tissue interactions is to “initiate” the quartz optic fibre tip to develop a suitable 

layer of pigment absorption at the fibre tip, in order to attenuate the majority of incident 

energy but to also allow a sufficient (approx. 15%) quantity of wavelength-specific 

photons to enter the target tissue and also provide potential for PBM effects [141 - 143]. 

Consequently, from such initiation, a “hot tip” is developed to temperatures approaching 

1000 0C, that allows efficient soft tissue ablation; (this should be compares to the use of 

optic fibre delivery of PBM fluences). As such, a possible 10 – 20% “dose” error with a 
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hot-tip fibre would be deemed irrelevant, whereas fibre tip temperature does not represent 

an issue with the delivery of sub-ablative PBM fluences. 

(ii) Differences in fluence / dose value: With surgical laser-tissue interactions, the 

crucial point is the ablation / phase change threshold and corresponding temperature. For 

example, the delivery of 2.0W CW diode irradiation using a 300 µm diameter optic fibre, 

sufficient to efficiently ablate oral soft tissue, results in a fluence (energy density) of 332 

Jcm-2. A reduction of 25% in delivered power would develop a fluence of 249 Jcm-2 and 

even a 50% reduction to 1.0W delivered power but would still give rise to a fluence of 

166 Jcm-2; each value would still allow surgical interactions. Correspondingly, with a 

desired target PBM fluence of 5 Jcm-2, such a reduction would significantly affect the 

biostimulatory effects of irradiation.   

(iii) Differences in delivery spot size Taking the nominated 2.0W average power 

delivery but increasing the fibre diameter from the 300µm surgical tip to a 15mm diameter 

PBM probe, results in a fluence reduction from 332 to 5.6 Jcm-2, and without altering any 

other laser operating parameter, the laser-tissue interaction is modified from an efficient 

surgical ablation to optimal PBM fluence.  

Additionally, the concept of total energy delivered may give rise to errors, where even 

with identical power density (irradiance) delivery, but through differing diameter delivery 

tips - Table #5. 
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Delivery tip 

Same 

irradiance / 

power density  

= 0.4 Wcm-2 

Total 

energy 

delivered 

in 10 secs 
 

 

Surgical handpiece 

fibre tip 400µm dia. 

0.00126cm2 area   

@ 0.5mW power    

= 0.4 Wcm-2 

0.05 Joules 

 4 mm glass optical 

guide 

0.125cm2 area        

@ 50mW power      

= 0.4 Wcm-2 

0.5 Joules 

8 mm glass optical 

guide 

0.5cm2 area              

@ 200mW power   

= 0.4 Wcm-2 

2.0 Joules 

 

11 mm glass optical 

guide 

1.0cm2 area              

@ 400mW power    

= 0.4 Wcm-2 

4.0 Joules 

Table #5. Delivery of the same power density / irradiance (0.4 Wcm-2, albeit through 

delivery tips of differing diameter and consequent spot size. During a period of 

irradiation of 10 seconds, the total energy delivered will differ radically                    

from 0.05 – 4.0 Joules – a multiplication factor of 80. 

(iv) Differences in emission modes To enable direct comparison with relevance 

to the impact of error in irradiation values, between surgical and PBM therapies, a 

wavelength range of 500 to 1300nm, visible – near-IR provides some significance in that 

pigment absorbance coefficient is inversely proportional to wavelength, whereas the 

scatter coefficient is directly proportional to wavelength. This would have further 

significance when providing a PBM therapy fluence of an optimal 5 Jcm-2 to a chosen 

cell type at a depth of 10mm, where with an applied wavelength of 810nm, the absorbance 
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/ scatter effects would reduce the delivered fluence at depth by 90% [145]. 

Correspondingly, the applied fluence at the tissue surface would need to be approximately 

50 Jcm-2, with the possibility of surface overheating and pain for the patient. Changing 

the emission mode from CW to gated-CW, and certainly developing an average power 

target but with micro-second gating, would possibly increase the irradiation time, but also 

significantly influence the thermal relaxation potential of the photonic delivery. However, 

the study failed to provide substantive support of endorsement of FRP emission mode, 

partly, since the visible and near-IR (<1064nm) emission of commercial dental lasers 

remains inherently CW, but moreso in view of the significant peak power values of FRP 

1064nm Nd:YAG, there would be a risk of breaching the tissue ablation threshold [145].  

With regard to the latter, when considering the use of mid-IR erbium and 9,300nm far-IR 

carbon dioxide lasers in delivering tissue ablation through the vaporisation of the water 

component of oral hard dental and osseous tissue, both the vaporisation temperature and 

pressure may rise considerably, a phenomenon contributing to superheating ablation 

dynamics [146]; rapid temperature rises (>100 0C) arises in view of the containment of 

water and OH- radicals within the structure of the hard tissue hydroxyapatite crystal. In 

turn, this generates high pressure, and the phase explosion (spallation) may also give rise 

to structural stresses that add to tissue disruption [147]. Although the ablation mechanism 

is similar, with identical absorptive tissue water in soft tissue, the fragmentation potential 

is much less [148]. It remains a similar conclusion with longer wavelengths, i.e. error 

percentage may exert a less significant effect in delivering surgical supra-ablative 

coefficient fluences. 

(v) Influence (PBM) of volumetric energy transfer with deep pathology (<1cm). 

When values of energy density / fluence are reported, invariably the reference is at cell 
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depth within the tissue. As discussed above in (iv), significant energy losses may occur, 

relative to tissue optical properties, incident laser wavelength and coefficients of 

absorption and scatter [145]. Published data have been employed to develop a concept of 

volumetric values to represent the dissemination and influence of delivered energy at 

depth through the tissue and specifically, the total energy (Joules) deposited during a 

timed exposure, rendering the computed power density as πr2h.t [149]. This latter 

extended value was termed “dose optical exposure time”. However, if one considers that 

at approximately 800nm, the energy loss at a 1.0cm depth may be 90%; however, apart 

from a component of backscatter that may account for 40% [150], a significant amount 

of energy may enter the overlying tissue. In those clinical situations where oro-facial 

pathology at depth is subjected to PBM therapy, the omission of such extended energy 

deposited values would constitute yet another source of error. This level of error would 

consequently have relevance in terms of protocol reproducibility but also in those 

situations where wavelength choice differed, with impacts on absorption and scatter 

coefficients, together with ease of tissue penetration. 

From the above, it is possible to conclude that both full disclosure of all operating 

parameters together with cognisance of the effect of error percentage, remains of greater 

significance when delivering PBM therapy compared to surgical ablative laser irradiation 

approaches.  

The hidden implication of poor or incomplete reporting of clinical laser parameters may 

be illustrated through the following: 

A published paper as a review of laser use in periodontology (Cobb, C. 2006) [151] drew 

upon the inadequate study design, data analysis and poor reproducibility of many 
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published investigations. Particular examples were provided to cite the work of three 

groups who had investigated the proposed benefits of diode laser use in bacterial and 

pocket inflammation reductions. Indeed reasoned debate was offered by the author to 

draw attention to inconsistencies in these three papers – poor or inadequate data, absence 

of appropriate statistical analysis, and unsupported extrapolation to define an “accepted” 

protocol of diode laser use in periodontal therapy. What was of much greater significance 

was that such was the renowned reputation of the three sets of authors, the unsubstantiated 

concluded outcome of each paper resonated through referencing in most subsequent 

published papers related to research in laser periodontics, during a period of almost ten 

years.  

Such is the significance of the paper “Photobiomodulation Delivery Parameters in 

Dentistry: An Evidence-Based Approach”, which is in line with other similar systematic 

reviews and meta-analyses, is that within a far-reaching field of laser-assisted therapy, 

incomplete or poorly deduced data may have promoted the acceptance of respective, 

possibly inaccurate conclusions regarding the benefits or otherwise of laser use. Given 

that each of the 141 studies analysed satisfied a criterion of randomised clinical trial, the 

implications of negativity assume some credibility. Equally, it is beyond this discussion 

to recognise possible similar occurrences throughout clinical dentistry. 

___________________ // ______________________ 
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Chapter 3:  Contributory errors arising from optic fibre 

power losses. 

In Chapter #2 of this thesis, through the audit of a significant number of randomised 

clinical studies over a 10-year preceding period of publication, it emerged that, among 

analysis of many laser operating parameters, less than 25% of papers recorded use of a 

power meter to define accurate laser power delivery. In that such omission may form 

the basis of a null hypothesis as to any claim of negative influence on study outcome, a 

possible analysis of the extent, prevalence and significance of any power delivery errors 

overlooked through non-use of a power meter, may help to provide counter-evidence. 

In Chapter #3, the contention is that, having defined the narrow therapeutic laser power 

range that appears to define intended benefits of clinical application of laser use in 

Chapter #1 – Introduction, would the outcome of an investigation across many laser 

diode wavelengths and study centres, have relevance? Additionally, would the 

significance of errors  to the intended reproducibility and accuracy of consequent 

studies that drew upon such published studies, adversely influence the validity of future 

study conclusions?   

3.1 The challenge of optic fibre delivery mechanisms 

Having examined the significance of full operating parameters, a further area of potential 

error in determining optimal “light dose” concerns the potential for power losses along 

the delivery mechanism of the laser. 

The development of early wavelength choices, irrespective of emission mode related to a 

narrow breadth of wavelength values within the visible – near IR regions of the 

electromagnetic spectrum (“diode” wavelengths (635 – 980nm) and Nd:YAG 1064nm). 

The chosen delivery mechanism for these early lasers was quartz optic fibre, taken from 
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existing success with predecessor lasers in use in sister medical and surgical modalities. 

As examined in detail in Paper III, a significant determinant factor in light transmissibility 

of quartz optic fibre is the presences of impurities within the basic silica (SiO2) crystalline 

structure. High grade “pure” optic fibre is considerably expensive, and hence the means 

to maintain cost-effectiveness with diode and Nd:YAG delivery systems exposes a 

compromise whereby impurities assume a significant presence. Figure #1 provides a 

graphical representation of absorption coefficient relative to the laser wavelength of water 

as the absorptive tissue element. For this reason, those longer laser wavelengths and 

especially erbium-based lasers around 3.0 µm, and carbon dioxide lasers around 10.0 µm 

wavelengths, each very highly absorbed in water, fail to progress along such quartz optic 

fibre materials. Attempts to provide alternative “fibre” delivery conduits, using 

germanium oxide as an example core material, are themselves compromised through high 

costs and the disadvantage of increased fibre rigidity. An analysis of alternatives using 

low / non—OH constituent material for longer (>2,500nm) wavelength delivery provides 

an illustration of the drawbacks of alternative materials (Table #6).  
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Figure #1. Graphic representation of the relationship of absorption coefficient and 

wavelength for water. 

 

  Material Germanium 

Oxide 

Zirconium 

Fluoride 

Sapphire Hollow 

Silica 

Fibre core (microns) 400 380 425 300 

Attenuation (dB/m) 0.7 0.1 1.0 2.0 

Cost per meter $550 $450 $500 $330 

Advantages Flexible Low 

attenuation 

High 

melting 

temp. 

High 

power 

Drawbacks       Low melting 

temp. 

Hygroscopic, 

hard 

Limited 

flexibility 

Inflexible 

Table #6. Illustrative alternatives to quartz optic fibre when considering longer 

wavelengths. [Ref #152: Fried, N.M. (2001). Potential Applications of the Erbium:YAG 

Laser in Endourology. Journal of Endourology, 15(9), pp.889–894.]  

 

Another factor in study design to support choice of laser units, was to respect the high 

uptake in benchtop diode laser units and the common factor of quartz optic fibre delivery 
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mechanisms. Where possible, the distal end of the fibre was not further compromised by 

complex end-tips and for each fibre, the proximal SMA (sub-miniature assembly) fibre 

connector to the parent laser unit was inspected and cleansed of any grease or dust. In this 

manner, further possible contributing or distorting elements were eliminated. 

Drawing upon published research criteria [153] an analytical / observational study design 

was adopted, drawing upon a multi-centred source of 38 “diode” semiconductor lasers, 

spanning a wavelength range of 445 – 1064nm.  

It is an obligation on the part of the laser dental clinician to ensure that their device, as a 

nominated Class IV laser receives regular maintenance [154]; it is considered appropriate 

to adopt a yearly schedule, and this includes a calibration check regarding the accuracy 

of emission power relative to the control panel value. As referenced in the Materials and 

Methods section of the study, each laser had been recently calibrated and serviced. 

Nonetheless, the investigation produced both significant and, in some cases large 

discrepancies, when end-fibre emission was measured using a power meter. 

___________________ // ______________________ 

 

 

 

3.2 Paper III: The influence of delivery power losses and full operating 

parametry on the effectiveness of diode visible–near infra‑red (445–1064 

nm) laser therapy in dentistry—a multi‑centre investigation 
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Abstract 

 

The development of protocols for laser-assisted therapy demands strict compliance with 

comprehensive operating parametry. The purpose of this investigation was to examine 

the accuracy of correlation between laser control panel and fibre emission power values 

in a selection of diode dental lasers. Through retrospective analysis using successive 

systematic review and meta-analysis, it is clear that there is inconsistency in the details, 

and possible inaccuracies in laser power applied and associated computed data. Through 

a multi-centre investigation, 38 semi-conductor (“diode”) dental laser units were chosen, 

with emission wavelengths ranging from 445nm to 1064 nm. Each unit had been recently 

serviced according to manufacturer’s recommendations, and delivery fibre assembly 

checked for patency and correct alignment with the parent laser unit. Subject 
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to the output capacity of each laser, four average power values were chosen using the 

laser control panel—100 mW, 500mW, 1.0 W, and 2.0 W. Using a calibrated power 

meter, the post-fibre emission power value was measured, and a percentage power loss 

calculated. For each emission, a series of six measurements were made and analysed to 

investigate sources of power losses along the delivery fibre, and to evaluate the precision 

of power loss determinations. Statistical analysis of a dataset comprising % deviations 

from power setting levels was performed using a factorial ANOVA model, and this 

demonstrated very highly significant differences between devices tested and emission 

power levels applied (p < 10–142 and < 10–52 respectively). The devices × emission power 

interaction effect was also markedly significant (p < 10–66), and this confirmed that 

differences observed in these deviations for each prior power setting parameter were 

dependent on the device employed for delivery. Power losses were found to be negatively 

related to power settings applied. Significant differences have emerged to recommend the 

need to standardize a minimum set of parameters that should form the basis of 

comparative research into laser–tissue interactions, both in vitro and in vivo. 

Keywords: Diode laser · Dentistry · Operating parameters · Power losses 

 

Introduction 

 

Evidence-based laser-assisted clinical therapies have experienced a considerable growth  

in their use within both general and specialist dental practice. Utilizing a suitable laser 

wavelength to deliver a predictable clinical outcome would depend on the understanding 

of the target tissue type, predictable laser–tissue interaction, and technique applied. In 

order to achieve predictable laser–tissue interaction, whether it be ablative (surgical) or 

sub-ablative (photobiomodulation), it is imperative that a photonic radiation product of 

laser power and exposure time should be observed; this is in order to avoid under-
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exposure and sub-optimal outcome, or over-exposure with the consequences of collateral 

damage effects. 

The reporting of laser operating parameters in dentistry has been the subject of recent 

publications; through retrospective analysis using successive systematic review and 

meta-analysis, it is clear that there is inconsistency in the details, and possible 

inaccuracies in laser power applied and associated computed data [1–3]. The core element 

that governs predictable outcome of any laser therapy is the management of photothermal 

conversion of incident coherent, monochromatic photonic energy, through a combination 

of dose, exposure time, and thermal relaxation. At sub-ablative doses, thermal rise 

associated with photobiomodulation (PBM) may be considered minimal. However, the 

applied dose and attendant thermal rise to render laser surgical tissue management may 

be considerable [4]. 

All current Class IIIB and IV laser facilities must conform to IEC and ANSI (and 

devolved) regulations that govern safe operation. A large group of visible and near infra-

red (NIR) wavelengths are based on semi-conductor, so-called diode technologies, with 

attendant benefits of small machine footprint, and often bench-top size. Many of these 

devices offer a wide range of emission mode options, from continuous wave (CW) 

through gated-CW and micro-gated (often termed “pulsed”) emission to allow interactive 

efficiency, and also contribute to thermal relaxation to control damaging excessive heat 

buildup. The laser control panel of these devices may offer interactive function to allow 

the clinician/laser safety supervisor to choose a correct and appropriate photonic stream 

(“dose”) to enable a desired laser–tissue interaction to be achieved. Key operating 

parameters represented on the control panel may include average power, emission mode, 

and a series of pre-set options relative to common clinical applications that are possible 
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with the laser. The other added benefit of diode lasers is the opportunity to efficiently 

deliver photonic emission to an intra-oral target tissue using an optic quartz fibre—a 

lightweight, highly flexible, and non-linear delivery mechanism. 

Transmission of light through fibre optics is not 100% efficient, with power losses [4]. 

Power loss depends on the wavelength of the light, the distance travelled, and the 

propagating material [4, 5]. Quartz-based optic fibres (quartz sic—silica/silicon dioxide) 

are relatively inexpensive photo-conduits, but often the transmission suffers due to crystal 

inclusions and impurities associated with low-cost manufacture [5, 6]. A common finding 

is the presence of hydroxyl groups, which are highly absorbing at longer mid-IR and far-

IR wavelengths, and this restricts its application to shorter NIR and visible wavelengths 

[4]. Together with crystal inclusions and minor structural faults, such phenomena 

constitute the possibility of “power losses.” Attenuation is defined as reduction in the 

amplitude and intensity of a signal. Passage of laser energy through fibre optics can 

suffer from attenuation due to intrinsic or extrinsic causes [5–8]. 

Intrinsic  Intrinsic causes of transmission losses are absorption by the core material 

and by residual impurities, and by Rayleigh scattering from microscopic inhomogeneities, 

which are dimensionally smaller than the optical wavelength. Imperfections in the atomic 

structure induce absorption by the presence of missing molecules or oxygen defects. 

Silica fibres have low intrinsic absorption at wavelengths from 700nm to 1600 nm, and 

hence are well suited for transmission of lasers within this range. 

Extrinsic Extrinsic causes of attenuation include improper fabrication, geometric effects 

of fibre design (sharp bends and micro bends), and losses occurring when laser energy 

is coupled into and out of a fibre optic. Extrinsic absorption may also be caused by 

impurities in the fibre material, particularly traces of metal impurities, such as iron, nickel, 
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and chromium. These metal ions can undergo electronic transition from one energy level 

to another [9]. 

The beam diameter can be modified by altering the distance from the target or by using 

larger diameter tips. Stopp et al. [10] reported that where the beam diameter is modified 

by moving the delivery system further away from the object, the resulting beam will have 

a decreased intensity, resulting craters with smaller depths and larger diameters. Beam 

diameter can also be varied by using fibre optic tips of variable size, in combination with 

dental laser handpieces. The effect is governed not only by the fibre diameter, but also by 

collimation, i.e., the extent of the beam that can be accepted by the fibre. 

Previously published studies into optic fibre laser clinical therapy indicate that power 

losses may be significant (i.e. > 10%) along “quartz” optical fibre delivery systems. 

Indeed, it is accepted that such power losses occur with varying types and quality of 

optical fibres [11–15]. A range of factors relating to the optical pathway from the laser 

head to the fibre can result in loss of power. These include problems with beam 

collimation (i.e. the extent of the beam that can be accepted by the fibre) [10], such that 

only the central regions of the circular beam from a solid-state laser enter the fibre. Other 

contributory factors may include sub-optimal optical issues, such as poorly performing 

anti-reflective coatings on lenses, insufficient convergence in the final lens before the 

fibre, and using a fibre size that is too small, hence causing loss of the beam periphery 

due to collimation. A particular challenge occurs with diode lasers since the beam is 

elliptical. A poor optical design may prevent the central region of the beam entering the 

fibre, and hence the edges are lost. 

When selecting an optical fibre, the proper fibre material must be used, which transmits 

the laser wavelength in use. Other factors which must be considered before selecting a 
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fibre include the following: numerical aperture, back reflection, attenuation, packing 

fraction, minimum bend radius, input/output phenomenon [16]. 

Surgical diode lasers mostly emit in Transmission Emission Mode 00 (TEM00), which 

preserves the Gaussian spatial energy distribution generated within the optical resonance 

space. This is maintained within the coaxial fibre optic cable and becomes apparent in the 

visible spectrum when larger optical spot sizes are adopted, for example in 

photobiomodulation therapies. For small diameter surgical fibre optic delivery tips, 

however, this is not inherently a significant source of power loss, and this type of 

arrangement is used frequently in optical communications systems where the length of 

the fibre may extend to many kilometres. However, at the interface of a disposable 

fibre tip, there may be some significant failures of optic transmission consequent to 

operator error in tip placement.  

Furthermore, very narrow diameter disposable tips may exert a significant attenuation of 

power consequent to scatter at the internal interface of the tip, plus an increased 

relative ratio of absorption attributable to impurities in the tip coating. In addition to 

power losses attributable to quartz optic delivery, other sources of spatial power loss may 

include irradiation surface backscatter [17–19], concepts of dose that may be affected by 

laser–tissue interaction [3]—i.e. Gaussian vs. uniform (“Flat Top”) 

fluence/irradiation/spot size, infra-tissue scatter [20–23], along with consequent errors in 

effective “skin dose” with PBM therapy [24]. 

Differences in control panel operating power parameters and actual tissue dose may 

constitute a source of error resulting in inefficient laser–tissue interaction. With 

significant levels of loss, a proposal gains weight to endorse the use of a calibrated power 

meter to confirm the actual photonic dose being delivered to target oral tissue sites. 
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This study aims to investigate the performance of several diode lasers that are 

commercially available in clinical dentistry, and to evaluate possible power losses within 

the laser delivery system. The clinical significance of the results acquired is discussed. 

 

Materials and methods 

 

A total of 38 laser units with wavelengths within the visible and near infra-red (NIR) 

regions of the electromagnetic spectrum were chosen for this study, i.e. 20 different types 

overall. Laser devices and power meters used were subject to routine maintenance. Table 

1 provides full details regarding the devices evaluated. 

For each laser, a lower and higher value of power output was chosen, specifically 

100mW/0.5 W average power for photobiomodulation (PBM) units, and 1.0 and 2.0 W 

average power for surgical units. Following manufacturer’s recommendations, the units 

were assembled and tested, utilizing appropriate laser safety measures of controlled area 

and appropriate optical density (OD) protective eyewear. Each laser was “charged” 

through mains connection or battery power-up for 15 min before any measurements were 

taken, with due regard to over-ride any time-out pre-set period of a given machine. Using 

the laser control panel, the nominated average power value (Pcontrol) was selected.  

With the delivery fibre/handpiece applied to permit vertical beam application, the beam 

was targeted onto a power meter and a series of n = 6 replicate readings were taken and 

their mean values of power determined (Pfibre). This was repeated for each laser unit, with 

the selected power output value indicated above. The mean “between-replicate-within-

episode” coefficient of variance (CV) value was 14.8% for a total of n = 106 experimental 

episodes (i.e. all replicate determinations performed for each one), although more than 

50% of these parameters were < 5%, an observation indicating a highly satisfactory level 

of within-episode precision and reproducibility. 
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Experimental design and statistical analysis 

 

Deviations in emission power from their expected values in mW were expressed as 

percentages, negative or positive. These observations (n = 623 in total) were statistically 

analysed using an analysis of variance (ANOVA)–based experimental design, which was 

classified as a three-factor system with devices (n = 20), selected wavelengths involved 

(445nm, 660nm, 808nm, 810nm, 940nm, 970nm and 980nm and 1064 nm), and device 

emission power level applied (100, 500, 1000, and 2000 milli-Watts mW) being fixed 

qualitative effects at 20, 8, and 4 levels, respectively. An ANOVA rather and an analysis-

of covariance (ANCOVA) design with device emission power as a quantitative predictor 

variable was employed since the latter requires a linear relationship between emission 

power loss and that power applied, and that was not the case. Six replicate determinations 

were made for each treatment-wavelength combination. The mathematical model for this 

design is shown in Eq. (1), where μ represents the null mean value in the absence of the 

influence of all sources of variation, and Di, Wj, Pk, and eijkl represent the “between-

devices,” “between wavelengths,” “between-device emission power,” and fundamental 

error sources of variation. DWij, DPik, and WPjk represent the devices × wavelengths, 

devices × device emission power, and wavelength × devise emission power first-order y 

ijkl represents the monitored response variable, i.e. % deviation in emission power 

observed for each test performed. 

These interaction effects were included so that the differential responses of each devices 

applied could be explored across the full wavelength and emission power ranges. The 

probability value p for significance was set to < 0.05. The statistical significance of each 

ANOVA model factors was determined by comparisons of their variables’ least-square 

mean (LSM) values. LSMs represent the best linear-unbiased estimates of the marginal 



140 | P a g e  

 

means for the experimental design involved, and the post hoc testing of differences 

between them is independent of the methods used for the coding of categorical predictor 

variable effects. Hence, these parameters are computed on the basis of the model 

described by Eq. (1). Post hoc comparisons of individual factor variable LSM values were 

made using the Bonferroni method. Statistical analysis was performed using 

XLSTAT2020 software (Addinsoft, New York, NY, USA; www.xlstat.com ). 

 

yijkl = µ + Di + Wj + Pk + DW ij DP ik + WPjk + eijkl    Eq. (1) 

 

Results 

 

In total, 20 different laser models (38 laser units in total) were examined in this study, 

representing different versions of commercially available lasers used in dental practice. 

Each device was annotated by letter, and where model difference, duplicates, or multi-

wavelength emission existed, the letter was further annotated by number (A, A1, A2, 

etc.). The range of emission wavelengths was 445–1064 nm. Where possible, 

measurements of four chosen emission power values were made, unless the design of the 

machine limited the range of output. For each laser unit, a series of six measurements 

were averaged and the percentage loss calculated (Table 1). Where data indicated an end-

fibre emission power greater than the control panel value, this figure has a “ + ” prefix.  

 

 

 

 

 

 

http://www.xlstat.com/
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Device 

Code 

Wavelength 100mW       

(% loss 

measured) 

500mW                    

(% loss 

measured) 

1.0W                        

(% loss 

measured) 

2.0W                          

(% loss 

measured) 

A (1) 445 103 (+3) 493 (2) 1.02 (+2) 1.85 (7.5) 

A (2) 660 92 (8) N/A N/A N/A 

A (2) 660 91.5 (8.5) N/A N/A N/A 

A (1) 445 157 (+ 57) 385 (23) 0.767 (23) 1.53 (24) 

B 980 92 (8) 464 (7) 0.92 (8) 1.53 (23) 

B 980 89 (11) 435 (13) 0.853 (15) NA 

B 980 85 (15) 478 (4) 0.96 (4) NA 

A (2) 660 81 (19) N/A N/A N/A 

A (3) 970 N/A 559 (+12) 1.13 (+13) 2.4 (+20) 

A (1) 445 N/A 494 (1) 0.981 (2) 1.98 (0) 

A (3) 970 191 (+91) 449 (10) 0.859 (14) 1.76 (12) 

C 810 90 (10) 418 (8) 0.830 (17) 1.57 (22) 

D 810 N/A N/A 870 (13) 1.67 (15) 

E 940 115 (+ 15) 415 (7) 0.873 (13) 1.82 (9) 

F 940 70 (30) 470 (6) 0.878 (12) 1.78 (11) 

L 1064 75 (25) 428 (14) 0.827 (17) 1.76 (12) 

G 940 120 (+20) 459 (8) 0.886 (11) 1.718 (14) 

G 940 126 (+26) 498 (0) 0.956 (4) N/A 

G 940 87 (13) 314 (37) 0.598 (40) 1.17 (40) 

G 940 102 (+ 2) 374 (25) 0.718 (28) N/A 

J (1) 650 71 (29) 395 (21) 0.798 (20) 1.336 (33) 

J (2) 810 140 (+40) 502 (0) 0.929 (7) 1.84 (8) 

J (3) 980 99 (1) 459 (8) 0.912 (9) 1.80 (10) 

J (4) 1064 130 (+30) 494 (1) 0.937 (6) 1.829 (8.5) 

K 810 79 (21) 406 (19) 0.788 (21) 1.671 (17) 

K 810 68 (32) 408 (18) 0.809 (19) N/A 

H (1) 810 N/A N/A 1.405 (+40) N/A 

H (2) 980 N/A N/A 1.414 (+41) N/A 

H (1) 810 N/A N/A N/A 2.59 (+30) 

M 904 84 (16) N/A N/A N/A 

N (1) 660 110 (+10) N/A N/A N/A 

N (2) 808 182 (+82) N/A N/A N/A 

D 810 N/A N/A 1.24 (+24) 2.46 (+23) 

H (1) 810 N/A N/A 1.14 (+14) 2.24 (+12) 

H (2) 980 N/A N/A 1.2 (+2) 2.29 (+15) 

H (2) 980 N/A N/A 1.2 (+2) 2.28 (+14) 

E 940 N/A N/A 2.28 (+14)) 1.8 (10) 

D 810 N/A N/A 1.22 (+22) 2.18 (+11) 

 

Table #1. 38 laser unit emissions were measured. Each laser model is annotated by a 

letter (A, B, C, etc.), and where model difference, duplicates, or multiwavelength 
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emission existed, the letter was further annotated by number (A1, A2, etc.). Emission 

power values were measured using a calibrated power meter and power losses 

calculated as a percentage of the laser control panel value. Where the emission was 

greater, the percentage is expressed as a positive (+) value. 

 

Statistical analysis 

 

ANOVA revealed that differences observed for the % power deviations were extremely 

significant “between-devices” and “between-emission powers” (p = 3.13 × 10−143 and 

7.96 × 10−53 respectively). Notwithstanding, the first order “devices × emission power” 

effect was also very highly statistically significant (p = 1.10 × 10−67), and this result 

provided strong evidence for differential non-additive dependencies of the % power loss 

values observed on emission power levels for each device explored. For example, the 

order of LSM power deviation for application of devices J(2) and J(4) markedly differs 

from that of device E (Fig. 1c). Further contrasting non-additive model differences are 

also clearly visible in this figure. The “between-wavelengths,” and devices × wavelengths 

and wavelength × device emission power first-order interaction effects were all found not 

to be statistically significant. 

From Fig. 1a, it should be noted that only six of the device products evaluated had mean 

LSM deviations not significantly different from zero. However, nine of them exhibited 

significant power losses (ranging from ca. – 10 to − 30%), and five of them displayed 

excessive LSM power outage levels (from ca. 10 to as much as 65%). 

These results clearly demonstrate that in addition to the critical LSM differences in power 

deviation between the devices tested, there was a clear dependence of the emission power 

applied, with LSM values decreasing with increasing power level. Indeed, the low power 

emission of 100 mW gave rise to a positive deviation from that expected, but the 500, 

1000, and 2000 mW power settings all had lower values than those expected, with 

deviations ranging from − 2.4% at 500 mW to − 8.65% at 2000 mW (Fig. 1b). The 
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negative deviations in LSM values observed at 1000 and 2000 mW were very 

significantly less than zero, whereas the increase observed at 100 mW (+ 14.9%) was 

substantially significantly greater than zero. 

Figure 1d shows a full plot of observed observation values versus those predicted from 

the experimental design model shown in Eq. (1), i.e. the yijkl estimates. Clearly, there was 

a very acceptable level of agreement between these values. 
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Fig. 1 a, b Diagrammatic representations of least square mean (LSM) values ± 95% 

confidence intervals (CIs) for the % deviations from power settings found a between-

devices employed and b between their emission power settings, demonstrating very 

highly significant differences between predictor variables for both of these factors.                    
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Fig. 1c, d Corresponding LSM ± 95% CIs plot showing the dependence of deviational 

responses at each emission power for each of the 20 different devices investigated, 

which clearly shows sources of the very highly significant device × emission power 

first-order interaction effect. Black, red, blue, and green lines represent device emission 

powers of 100, 500, 1000, and 2000 MHz respectively. d Plot of the observed % 

deviation from measured power output as a function of that predicted from the 

experimental design model in Eq. (1). 

 

Discussion 

 

The significance of power losses in fibre delivery diode laser use has been demonstrated 

by our study. What is of equal significance remains the number of studies where multiple 

laser active groups are included in the selection of control and active samples. As has 

been shown in this study, power losses within chosen operating average power values, 

together with associated factors of backscatter [25] and beam cross-sectional Gaussian 

distribution [26], can amount to over a 20% loss in actual therapeutic fluence [27]. When 

multiple laser active groups in any study are separated by average power applied values 

of < 20% difference, some concern must be given to the significance of the conclusions 

drawn from such studies. 
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As suggested in various studies [1, 28–31], there is a need to seek a standardization of 

operating parameter reporting in manuscripts submitted for peer-review publication. 

These minimum parameters are listed in Table #2 as taken from ref. #1. 

 

Laser Operating Parameters 

Wavelength 

  

Diameter of optic probe 

  

Optical spot size at target 

  

Beam spatial profile 

(Gaussian/Flat top) 

  

Beam divergence angle 

  

Estimated target size & 

approximate depth 

  

J/cm2 (radiant exposure) at 

surface / J/cm3 for body 

exposure 

  

Joules delivered 

 

Treatment time 

  

Power output: verified by 

calibrated power meter 

  

Irradiance W/cm2 at surface 

  

Treatment frequency 

  

  Technique employed: 

contact/ non-contact static/ 

scanning) 

  

 

 

Table #2. Proposed basic laser emission and interactive parameters applied within 

submission guidelines for peer-reviewed publication 

 

The prime objective in clinical laser-assisted dentistry is to apply a minimum level of 

photonic energy in order to maximize a desired outcome [32]. Such protocol optimizes 

outcome to avoid unwanted conductive thermal events and collateral tissue damage. The 

predictable benefits of laser assisted therapy in dentistry draw upon the manipulation 

of multiple operating parameters encompassing fixed and machine variables. 

Collectively, these represent a concept of “light dose” which is a critical factor to achieve 

a reliable and predictable clinical outcome. The wavelength range that spans the visible 

and near infra-red (NIR) areas of the electromagnetic spectrum has been the subject of 

considerable investigation both with regard to surgical applications and in the context of 

photomedical treatments, including antibacterial photodynamic therapies (aPDT) as well 
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as the current rise in research activity in the clinical applications of a variety of conditions 

that may be amenable to photobiomodulation therapies [33–39]. Of prime importance in 

establishing evidence-based success must be reproducibility of laser parametry. 

This study has considered the presence and influence of so-called power losses. Inasmuch 

as the clinician may either select a manufacturer’s pre-set power delivery value, or choose 

an individual average power setting, the photonic delivery may be subject to loss along 

the length of the delivery optic fibre; at the junction of the fibre trunk to the device 

(SMA—Sub-Minature Assembly) as well as at the interface with a removable tip, 

together with highly significant surface and sub-surface tissue attenuation factors, 

collectively a degree of care is required of the clinician to appreciate the chosen laser 

control panel power value and the nett value of delivered photonic energy at tissue level. 

Additionally, with extended irradiated tissue area (“spot size”), the consequence of the 

predominant Gaussian spatial distribution of photon energy over the beam area, wherein 

there is a concentration of energy in the centre of the beam, can give rise to irregularity 

in optimal applied light dose. With regard to the latter, this may have significance only in 

cases where a large diameter Gaussian beam is used to deliver PBM therapy, yet with the 

emergence of research into post surgery/post oncology/myofacial pain syndrome regional 

facial laser PBM irradiance, such nonuniform values of radiant exposure may have 

significant effects on the success of such treatment [3]. 

The significance of photon backscatter—a common feature with the wavelength range 

considered here—may have influence within tissue surface interaction and with values of 

backscatter approaching 20% may lead to higher average power delivery [19]. However, 

the common use of diode lasers within the root canal and periodontal pocket, where laser 

irradiation is contained within a tissue space, may prevent backscatter power losses and 
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compound the risk of overdose. Although poorly investigated, the issue of power losses 

consequent to backscatter may also have influence when dose-dependent antimicrobial 

photodynamic therapy (aPDT) activation of applied photosensitizers may be 

compromised. 

All in all, whilst outside the remit of this study, it may be reasonable to consider to what 

extent all the power loss factors have contributed to those study results that evoke 

equivocal estimation of laser-assisted procedures in dentistry. 

The majority of intra-oral soft tissue surgical procedures can be achieved with laser 

average power delivery of 1–2 Watts [40]. Perhaps with greater regard to clinical 

significance than power losses in surgery, it is more important to ensure the use of a well 

initiated diode tip. Failure in achieving the same can result in operator frustration with a 

slower rate of cut and increased bleeding plus there is the added potential of accidental 

over-exposure to radiant energy to collateral tissues [41]. There are many commercially 

available diode lasers in the wavelength range of 445nm and 1064 nm in contemporary 

dental practice. The literature reflects that considerable interest has been shown to 

establish the absorption characteristics of oral soft tissue chromophores and absorptive 

tissue elements with individual laser wavelengths. However, the predominance of optical 

scatter over the relatively low tissue absorption in the red to near infra-red wavelengths 

is highly significant in clinical technique [42]. With the exception of higher photonic 

energy wavelengths at 445–532 nm, efficient photothermal incision and vaporization of 

oral soft tissue at lower power with reduced collateral tissue damage with most diode 

lasers, is compromised by relatively insufficient “true” photothermolytic photon energy 

and requires the addition of a contact hot-tip technique, to enable surgical procedures to 

be completed [41]. The added appreciation of the nature of the laser–tissue interaction 
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permits the performance of all of the commercially available lasers between 445 and 1064 

nm to differ only slightly in the ability to perform laser-assisted soft tissue surgery. 

To avoid confusion to both researchers and clinicians, it is most important to have 

reproducible measures and to standardize the approach to treatment requires a mature 

appreciation of the significance of the dosimetry terminology particularly in 

photobiomodulation therapies directed to sub-surface tissue targets. A common 

expression of dose is fluence or energy density; however, due to the volumetric nature of 

the cellular target and the variable potential rate of energy delivery, these terms are prone 

to mislead as the dose is the time accumulated in Joules/cm2 at tissue level. As identified 

by Hadis et al., fluence (radiant exposure) is the correct technical term for J/cm2 whereas 

dose must take into account the optical exposure time element [42]. 

A recent series of systematic reviews that considered the effectiveness of laser-assisted 

PBM, endodontic, tooth whitening, peri-implant, and photochemical antimicrobial effects 

[3, 38, 43–45], utilized a risk of bias tool [46] within the study structure. A significant 

element of omission of materials and method surrounded the use of a power meter to 

establish the “true” operating fluence and irradiation values. In another study [1], a total 

of 52 published randomized clinical trials that satisfied examination criteria, failed to 

record a power meter check on emission fluence in 66% of the studies. Furthermore, given 

the potential for operator error in the setup of the device with an incorrectly attached SMA 

trunk fibre coupling or a poorly installed tip, it is prudent to check the power emission 

prior to each experimental series. With concepts of PBM, a correlation exists between 

a therapeutic “healing” dose, an “analgesic” dose and any discrepancy between a “skin” 

or surface dose and “cellular” dose which may be located at tissue depth. Through 

published studies, ranges of 4–10 J/cm2 and 10–20 J/cm2 have been suggested as cellular 
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level healing and analgesia benefits of therapy [24]. PBM effects as required for deeper 

tissue therapy are subject to combined heterogenous beam attenuation due to absorption 

and scatter phenomena, essentially imprecise due to the nature of the irradiated soft tissue 

but considered to approximate a 90–95% reduction in dose through a penetration depth 

of 10 mm in the visible red to NIR wavelengths [47]. It is essential for the clinician to 

estimate such elements of therapy such as the approximate depth and size of the target in 

determining the cellular and corresponding surface applied skin dose to optimize the 

potential therapy outcome. 

Given the multiple potential causes for error in experimental study designs, it is essential 

that a check list apply as a necessity to avoid the confusion and wasted effort that may 

arise. This need has been commented on in previous studies; however, regrettably there 

is as yet no agreed standard for researchers, editors, and associated peer reviewers to 

apply. Given the large increase in published papers particularly on PBM, the need for the 

same is pressing and with respect to the eminent authors who have called for the same we 

humbly offer our own. It is our belief that the implementation of the same will greatly 

benefit the further progression of the science which in turn will translate into many patient 

and clinical operator benefits. 

 

Conclusions 

 

This multi-centre study has involved the power meter measurement of possible power 

losses in 38 calibrated and serviced diode lasers, between the laser control panel value 

and that delivered to the target site along a quartz optic fibre. Significant differences have 

emerged to recommend the need to standardize a minimum set of parameters that should 

form the basis of comparative research into laser–tissue interaction, both in vitro and in 
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vivo. Through such data specification, clinical applications of surgical and PBM therapies 

may define higher levels of confidence and reproducibility. 
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3.3 Summary 

Through the publication of Papers II and III, “Photobiomodulation Delivery Parameters 

in Dentistry: An Evidence based Approach” and “The influence of delivery power losses 

and full operating parametry on the effectiveness of diode visible–near infra‑red (445–

1064 nm) laser therapy in dentistry—a multi‑centre investigation”, it has been shown that 

incomplete parameter reporting, delivery system power losses and deeper tissue beam 

performance may exert major significance regarding “false negative” study outcomes. 

Additionally, such false negatives may subsequently manifest through the reproduction 

of the proposed treatment protocol, but with incomplete operating variables. 

Collectively, the delivery of therapeutic photonic energy constitutes a “light dose”. It has 

been argued that whereas all laser-tissue interactions are mandated by the application of 

minimum power values, to effect an optimal outcome, the significance of “dose error”, 
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either through negligent omission of full parametry, or deficiency in accurate calibration, 

has a greater impact with the precise delivery of PBM fluences.  

Through over 30 years of investigation, laser-assisted dental surgery and PBM therapy 

has moved from anecdote to science! The plural of anecdote are not data, and there is a 

responsibility on the part of those seeking to prove optimal benefits of laser dentistry, to 

minimise the risk of reproducibility errors through inadequate parameter recording. 

Peer-review studies should be mandated to provide a minimum of standing and computed 

photonic parametry. With the development of the balance of opinion, relative to evidence 

and to address the possible recommendations of this discourse, a revision of the full 

inclusion and value of all measurable elements, when submitting a study or investigation 

for peer-reviewed evaluation and publication, represents a major duty of care in order to 

maximise the potential for error-free reproducibility. Table #7 provides further guidance 

in this respect. 

Laser Emission and Interactive Parameters 

Type of study—such 

as RCT 

Sample 

size/groups/control/randomization 

Blinding (single / 

double blinding) 

Laser used—emission 

wavelength (nm) 

Delivery system Fibre, 

Waveguide, Articulated Arm 

Gaussian / ’’Flat top’’ 

beam x-section 

Emission mode (CW, 

Gated-CW, FRP) 

Power meter used and output 

calibrated 

Mean, median,           

max / min power (W) 

Target tissue / lesion 

dimensions (mm) / 

Target tissue depth 

(mm) 

Tip to tissue distance (mm) Irradiated ‘‘spot’’ size 

(cm2) 

Fluence / Radiant 

exposure (J/cm2) 

Irradiation / Power density 

(W/cm2) 

Total energy delivered 

(J) 

Irradiation PBM 

therapy time (sec) 

Irradiation frequency (n x days) Tip movement / area 

covered (mm/area) 

Table #7. Proposed extended laser emission and interactive parameters applied within 

submission guidelines for peer-reviewed publication 

Overall, the significance of correct parameters and light dose draws upon the following: 
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• Laser-assisted therapy in dentistry extends to fluoroscopic / spectroscopic 

diagnostics, photochemistry, soft and hard dental and osseous surgical tissue 

manipulation, and photobiomodulation (PBM).  PBM may be considered as a 

stand-alone therapy or as part (a “by-product”) of surgical phototherapy, through 

a combination of thermal and light scatter gradients. 

• As discussed, there are greater influences of extended light dose errors with PBM, 

compared to similar errors with surgical laser operating power values.  

• Crucial to predictable PBM effects remains the concept of accurate dose, relative 

to anatomical target site, applied photonic power and tissue optical properties – in 

all aspects of delivery, including the accurate use of parameter terminology. 

• The “optical window” wavelength range extends the concept of dose to a 

volumetric irradiation, significantly dependent on intra-tissue photon scatter! 

• With extended irradiation periods, in order to enable light dose at depth and 

prevent tissue surface overheating, the concept of total energy delivery may have 

greater significance, notably when compared to just the energy density. 

• With the emergence of large bulk tissue pathologies, the Gaussian distribution of 

beam profile requires caution to deliver a correct dose. 

 

___________________ // ______________________ 
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Chapter 4:  The influence of accurate laser parameters in defining 

“uneventful” post-surgical healing    

The aforementioned summary in Chapter #3 and associated published papers II and III 

helps to provide a context of error analysis that may encourage greater discipline and 

attention to detail as future laser therapy is investigated. To the laser clinician, a prime 

responsibility rests in a duty of care in delivery of clinical treatment to the patient. Part 

of such duty of care encompasses minimising peri- and post-surgical complications and 

this would also apply to subablative laser use in PBM and aPDT.  

For any experienced clinician, the library of (mostly anecdotal) laser cases provides a 

ready catalogue of clinical success where the epithet “uneventful” predominates. As 

discussed in many areas of this thesis, it is notable that a large portion of applied 

research into laser use has, in historical and medium-past periods, focussed on the use 

of those laser wavelengths in the visible red – NIR range. As demonstrated, the essential 

aspects of uneventful healing following laser irradiation appear to be significant no 

matter which laser wavelength – from “blue” diode to FIR carbon dioxide – is chosen. 

Structured critique of a recommendation towards full and accurate laser power delivery 

parameters appears to have greatest relevance in those applications where PBM may 

have either primary relevance, or secondary to photothermal surgical tissue 

management. Through this philosophy, it is of importance to the laser clinician that with 

applied knowledge and appreciation of aspects of laser-tissue interaction, relative to the 

choice of laser wavelength, predictable outcome may prevail. With such awareness, the 

scope for the clinician to expand laser use would be best-served by well-designed 

clinical studies that placed comprehensive parameter recording and ease of 

reproducibility at its core.    
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• A prime benefit of laser use in soft tissue oral surgery is the lack of peri- and post-

operative complications, contributing to a concept of “uneventful” healing. 

• The acceptance of the so-called “optical window” to define the breadth of 

wavelength range associated with delivery of PBM-influenced post-surgical 

clinical presentation, may benefit from acceptance and greater understanding of 

the effects of varying incident laser wavelengths.   

• Research into laser-tissue interaction that may predispose to “classic” PBM 

effects has given rise to a casual acceptance of a single optical window.  

• Examination of published databases demonstrates the existence of other optical 

regions that embrace co-existent optical properties. 

• Surgical laser use in dentistry, to obviate demonstrable disadvantages of scalpel 

or other modality-surgery, offers tissue outcomes that may be judged as indicative 

of a PBM or PBM-type influence. Such outcomes also appear to be associated 

with laser wavelength choice that lie outside the nominated optical window. 

• Contributory biochemical activity may be either photo-induced, or present as a 

co-existent phenomenon consequent upon low-grade thermal rises. Co-existence 

of activated tissue factors and co-enzymes span both photobiomodulation and 

thermobiomodulation. 

4.1 “Uneventful” healing associated with clinical dentistry 

“Uneventful” healing is the idiomatic term to denote the combination of many of the 

benefits of laser-assisted oral soft tissue surgery, when compared to scalpel use. Although 

drawing as much from anecdotes as an evidence-based, for the dental surgeon these 

benefits may be listed as: 

• Incisional haemostasis 
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• Significant pathogen reduction 

Other benefits suggest harmonisation of hard and soft dental / oral surgical management, 

such as might be found for example, with sub-gingival dental caries, or defining a soft 

tissue emergence profile with crown and bridge prosthetic provision. Additionally, within 

such a concept, another benefit – “precision” – is intuitively undemonstrative, considering 

both the classic irregular edges of the incision but also the minimum width of the incision 

conforming to the 300 - 500µm minimum diameter of the quartz delivery tip being used 

to create the laser incision [155]. Certainly, there is scope for error with such an irregular 

zone of ablation, but perhaps, when faced with the complex linear tracing of for example, 

a quadrant gingivoplasty procedure, the instrument of choice ceases to be the usual 

scalpel, favouring the fine styptic quartz fibre optic delivery tip. 

Although argument has been developed to endorse a belief that laser output power 

accuracy is not as crucial as that of PBM irradiation, in terms of treatment error potential, 

a general maxim of “minimum output – maximum outcome” (MIMO), is offered to 

encourage the clinician to limit any potential for parameter errors (See Chapter #3 Figure 

#4, Page #162). 

The employment of appropriate operating parameters allows a dual application of ablative 

fluence to complete the surgical tissue management, with a “trickle down” reduction of 

fluence that promotes wavelength specific PBM, through thermal and scatter gradients. 

Figure #1 provides clinical and graphical illustration of how the thermal and (wavelength 

specific) photon scatter within soft tissue adjacent to the surgical zone may be envisaged 

to accommodate these mechanisms. The clinical procedure relates to the surgical removal 
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of hyperplastic mucogingival tissue associated with an ill-fitting lower full denture, 

offering peri-operative tissue ablation and a post-surgery image at 14 days.   

 

 

Figure #1. Laser-assisted surgical management provides a zone of ablation, protected 

by a tenacious coagulum. Peripheral to the wound, temperature reduction arising from 

photon scatter promotes a zone of photobiomodulation. 

 

4.2 The link between soft tissue oral surgery and PBM effects exerted 

The crucial links between the surgical and PBM aspects are photon energy / wavelength 

and the tenacity of the proteinaceous coagulum; the latter gains significance in terms of 

the photothermolytic temperature of several hundred degrees which renders incisional 

sterility and the formation of coagulum, a process providing a physical seal which in turn,  

prevents secondary post-surgical bacterial contamination. Typically, the surface 

coagulum associated with mucogingival tissue surgery would remain during an initial 3 

days, and will gradually re-hydrate through absorption of hydrous water content in saliva, 

and will eventually become softened and detached around days #5 - #7. In the event of 
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early breakdown of the seal, usually through local functional frictional forces, bacterial 

contamination and consequent toxin release would incite renewed inflammation and early 

tissue resolution impairment. 

As discussed in Paper I, part of the overall effects representing PBM is the reduction in 

inflammation, achieved through a combination of suppression of pro-inflammatory 

mediators, and via the promotion of anti-inflammatory agents. Moreover, intra-oral soft 

tissue surgical procedures would be always compromised by the omnipresent commensal 

and opportunistic pathogenic intra-oral bacterial load. Tissue incision would allow 

bacterial contamination, and hence add to the balance of host immune capacity and 

promoting features of inflammatory reaction, including pain. The link between laser 

benefits (haemostasis and significant bacterial reduction at the surgical site) and co-

existent PBM action are primarily assisted through the surface coagulum, as discussed 

above. In Figure #2, a schematic representation of the interrelationship between laser 

surgical action and the sub-ablative fluence effects of PBM is shown. The concept of a 

“circle of suffering” pertains to the challenge of non-laser oral soft tissue surgery, where 

the tissue disruption, whether through scalpel incision or trauma is linked to a sequence 

of related bacterial, cellular and biochemical activities. 
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Figure #2. “Circle of Suffering”. Tissue injury results in pain and inflammation, the 

latter exacerbated through bacterial contamination. Laser coagulum provides a 

physical barrier and photon scatter reduces ablation fluence to a level consistent with 

PBM promotion. Through this, a physical protection and anti-inflammatory / analgesic 

action offered by  PBM may reduce post-surgical complications. 

 

4.3 Contact vs non-contact mode: fibre “hot tip” initiation 

It is important to apply laser operating parameters that are appropriate to achieve the 

optimal outcome, but also allow the promotion of PBM effects. Correct application of the 

delivery tip to offer either radiant or conductive incident photonic energy, will be 

appropriate for the wavelength being used, absorptive capacity of the target tissue in terms 

of optical properties, and emission mode of beam delivery. Where a contact-mode is 

chosen, correct consideration of tip conditioning is essentially where visible-red and near 

IR wavelengths are chosen, and individual photon energy is insufficient to permit 

efficient surgical cleavage. In these cases, a pre-surgical fibre initiation involves the 

application of end-coating of an attenuation medium, usually a pigmented compound to 

restrict onward emission of the laser beam. Consequent upon such application, the fibre 
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tip becomes hot (sic “hot tip”), but which also allows some photon passage 

(approximately 15%) to promote tissue PBM. Through personal investigation, this has 

been best achieved through the use of blue articulation paper, momentarily applied to a 

fresh quartz optic fibre tip. Successive applications are applied with laser output at 

300mW, a representation of the individual laser’s lowest control panel output, with the 

paper in contact before each momentary “fire”.  

Once again, the implication of correct laser parameters would apply in this procedure, 

since the use of greater average power settings merely causes ablation holes in the 

articulation paper, and failure of fibre initiation. 

A simple investigation into the efficiency of fibre initiation, using a power meter to gauge 

the degree of consequent attenuation (loss of transmission) of the initiated fibre indicated 

through successive passes, to register approximately 85% attenuation of emitted photonic 

energy with four applications, was conducted as a short personal study by the author; 

beyond this number of passes there appeared little improvement (Figure # 3). Fibre 

initiation allows the development of the colloquial “hot tip”, where the fibre end may 

become heated to several hundred degrees C. In this manner, the relatively low photonic 

energy of red-visible and near-IR laser wavelength emissions can be compensated for 

during in-contact surgical use. Although not of statistical significance or subject to 

scientific rigour, the anecdotal improvement in cutting efficiency of delivery fibres 

initiated in this way appears both consistent and conducive to achieving surgical 

management without the impact of high-power collateral thermal damage, but still 

allowing photon passage into the target tissue area. 
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Figure #3. Graphic representation of reduction in fibre transmission by successive 

application of blue articulating paper to an optic fibre delivery tip, emitting 300mW of 

average power. From this, the proposed achievement of approximately 85% attenuation 

occurs after four passes. Source: personal study S. Parker. 

Therefore, through evaluation of the proposed surgical tissue management procedure, the 

constituent target tissue in terms of optical properties and absorptive potential vs scatter 

potential of the structural tissue elements, a suitable laser wavelength may be chosen and 

adapted for optimal use. Correct laser output parameters draw upon the average power, 

delivered through the chosen delivery tip, to develop a value of energy and power density 

(fluence and irradiance) sufficient to produce supra-ablative ablation and vaporisation. 

Together with mindful adherence to tissue thermal relaxation to prevent overheating, the 

overall laser and tissue management is consistent with the desired surgical outcome. 

Through correct delivery tip manipulation and consistent with a contact vs non-contact 

use (conductive vs radiant photothermolysis), a suitable surgical technique may be 

adopted to maximise the efficiency and benefits of laser photonic therapy. Coexistent 

with the supra-ablative action, as discussed above, the “hidden helper” of scattered 

photons and thermal reduction, may trigger PBM promoted effects. In summation, the 



162 | P a g e  

 

immediate post-surgical appearance of an irregular, discoloured and rough tissue surface 

appears disturbing, yet within 72 hours, the coagulum rehydrates and sloughs, and the 

underlying early organisation of reparative cellular and extra-cellular matrix would offer 

expectation of positive healing. Moreover, the effects of PBM within local tissue would 

promote cellular activity as well as increase local vascularity of arterioles, venules and 

lymphatics, and this would, in turn, support early tissue regeneration and reduce oedema 

[156]. In view of the absence of linear tissue stresses of post-surgery suturing, 

myofibroblast organisation has been shown not to induce scarring [156]. Such clinical 

events may be only appreciated through visual assessments of controlled tissue reactions 

to the surgery, reduced elements of tissue inflammation, and post-operative pain. In 

effect, “the surgery is ugly, but the healing is beautiful” (Figure #4). 

 

Figure #4. Surgical removal of “denture hyperplasia” tissue overgrowth, associated 

with the ill-fitting lingual margin of a full lower denture. The laser used (diode 810nm) 

employed contact-initiated tip delivery of appropriate “MIMO” (Minimum Input power, 

Maximum Outcome benefit) operating parameters. Immediate post-operative and early 

healing clinical appearances were indicative of correct laser parameters and PBM 

effects. 
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The extent of laser wavelengths wherein photon scatter predominates and incident light 

has a range of penetration from 1.0 – 6.0mm, is termed the NIR optical window, in total 

running from 650 to 1350nm [158, 159]. In view of the predominance of absorption 

within groups of biological molecules, it may be seen that this range is split into two 

optical windows; the first NIR window spans 650nm – 950nm and a second from 1100nm 

– 1350nm, with investigation into a so-called third NIR optical window (1600nm – 

1870nm), together with the possibility of a fourth window at approximately 2200nm 

[160]. 

It remains coincidental that early research into intracellular PBM effects utilised a red-

visible wavelength [161], and that both primary PBM and that supplemental to soft tissue 

surgery studies centred on laser wavelengths that spanned the first and second NIR optical 

windows [162, 163]. Notwithstanding the split boundary, it has become commonplace 

within laser dentistry to combine these two regions into a single optical window, from 

650nm – 1350nm. Studies into this region have allowed the specificity of correct 

operating parameters to prevail and have enabled a choice of surgical fluences, sufficient 

to achieve optimal tissue management as well as allow potential PBM effects to promote 

uneventful healing [164 – 166] (Figure #5).     
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Figure #5. Within published dental laser peer-reviewed articles, the range of 

wavelengths (650 – 1350nm) has been collectively referred to as the “optical window”, 

at variance with other photobiological disciplines referring to a succession of three 

optical windows. Within the optical window red-visible and NIR diode and FRP soft 

tissue lasers offer tissue penetration and a high scatter coefficient predisposes to PBM 

effects. [Source optical window graph Ref.#161] 

In acknowledging the immense amount of research into PBM (estimates suggest an 

average of 500 published peer-review papers during the past 8 years) [167], by far the 

greater majority has been with laser wavelengths within the NIR optical window. 

Additionally, there appears to have been a shift in emphasis from early research into 

(predominately) soft tissue laser action, from PBM as a secondary event supplemental to 

a prime surgical procedure protocol; gradually, the breadth of investigations into 

cytokines and other biochemical markers of PBM activity has led to research into 

paracrine and endocrine signalling, and also to establish PBM therapy as a protocol of 

choice for the delivery of non-surgical treatments for a number of oral, head and neck 

pathologies and conditions. With this shift in emphasis, the discipline of correct laser 

operating parameters in delivery of appropriate therapeutic fluence at the cellular level, 

has assumed greater importance and significance. 
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A level of confusion arises, when the use of laser wavelengths outside the NIR optical 

window are considered. Sub-ablative, non-focussed far-IR laser photonic irradiation as a 

post-oncology therapy has been previously investigated [168,169], but with the 

emergence of mid- and far-IR wavelengths in dentistry, it was shown that healing profiles 

appeared clinically similar to surgical treatments with shorter wavelengths even when the 

absorption profile of the incident wavelength was considerably different to NIR 

wavelengths [170 – 173]. Clinical assessment with many of these early investigations 

centred on the prime, rather nebulous benefits of haemostasis, pathogen reduction and 

“uneventful” healing, as applied equally with shorter wavelengths. The benefits extended 

with longer wavelengths to consider the superficial laser-tissue interaction with cellular 

and interstitial water, together with the benefits of thermal relaxation offered through FRP 

emission (erbium laser family) and coaxial air / water. The 10,600nm CO2 wavelength, 

as an intrinsic CW emission, would benefit from gating and low duty-cycle emission, 

together with the frequent removal of desiccated tissue debris that may build up.  

In addition, interest was shown on the emerging use of wavelengths shorter than the 

650nm lower limit of the NIR optical window. The “green” visible KTP 532nm and 

“blue” visible 445nm wavelength devices became popular lasers in dentistry, since both 

were available as bench-top, semiconductor diode lasers, complete with sophisticated 

emission mode manipulation. A great advantage was suggested to be through the higher 

photonic energy of the shorter wavelengths, suffice that both radiant and non-initiated 

fibre delivery was possible in delivering efficient surgical management [174, 175]. A 

consideration was demanded however, to employ lower surgical fluence values in order 

to avoid errors and consequent collateral thermal damage.  
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The question would then arise, to consider the biochemical and cellular response with 

those laser wavelengths outside the NIR optical window, in order to evaluate the supposed 

PBM effects, implicit through research to be a preserve of 650 – 1350nm wavelengths 

yet clinically indistinguishable when shorter and longer wavelength surgery was 

conducted, and post-operative results compared. This is discussed in the following paper 

– Paper IV:  
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Abstract 

Objective: To explore via systematic review the validation of uneventful post-surgical 

healing, associated with shorter and longer laser wavelength applications in minor oral 

surgery procedures.                                                                                                                                              

Methods: From April 28 to May 11, 2020, PubMed, Cochrane Database of Systemic 

Reviews, and Google Scholar search engines were applied to identify human clinical trials 

of photobiomodulation (PBM) therapy in clinical dentistry. The searches were carried out 

with reference to (1) dental laser wavelengths shorter than 650 nm; (2) wavelengths 

localized within the 2780nm–2940 nm; and (3) the 9300nm–10,600 nm range. Selected 

articles were further assessed by three independent reviewers for strict compliance with 

PRISMA guidelines and modified Cochrane Risk of Bias to determine eligibility.                                                                                                                                           

Results: Using selection filters of randomized clinical trials, moderate/low risk of bias, 

and the applied period, and following PRISMA guidelines, 25 articles were selected and 

examined. A risk of bias was completed, where 11 out of 25 publications were classified 

as low risk of bias, and 14 out of 25 were classified as medium risk status. In total, 6 out 

of 13 (46% of) studies comparing the examined laser wavelengths with scalpel-based 

treatment showed positive results, whereas 6 out of 13 (46%) showed no difference, and 

only 1 out of 13 (7.7%) presented a negative outcome. In addition, 5 out of 6 (83% of) 

studies comparing the examined laser wavelengths with other diodes (808–980 nm) 

showed positive results, whereas 1 out of 6 (17%) had negative outcomes.                                                                                                                            



169 | P a g e  

 

Conclusions: A detailed and blinded examination of published studies has been 

undertaken, applying strict criteria to demonstrate research outcome data, which suggests 

positive or at worst neutral comparatives when a given laser wavelength system is used 

against an alternative control therapy. As such, substantiated evidence for laser surgery 

in delivering uneventful healing and analgesic effects, as an expression of a PBM-like 

(quasi-PBM) influence, has been shown. 

Keywords: laser, oral, soft tissue, healing, photobiomodulation, optical window 

Introduction 

By convention, photobiomodulation (PBM) involves the manipulation of cellular 

behaviour by using low intensity light sources. Originally referred to as Low Level Laser 

Therapy [1], this was superseded by the Medical Subject Heading (MeSH) term ‘‘PBM’’ 

in 2015 [2]. PBM has been developed from a concept to received evidence-based 

accreditation through considerable research efforts. As a phenomenon, PBM therapy has 

been found to be beneficial in its effects toward cellular, local tissue, systemic, and 

biochemical processes, and it can significantly contribute as an adjunct in the resolution 

of pain and inflammation, together with the treatment of the pathophysiological processes 

of disease [3]; as such, it may be considered an attribute in achieving the delivery of 

‘‘uneventful healing’’ that accompanies post-surgical, oral soft tissue laser therapy in 

clinical dentistry [4].  

During soft tissue laser surgical therapy, attenuation of the incoming photonic energy at 

deeper and distant areas may be viewed as a function of the incident wavelength relative 

to the absorption and scattering coefficients and tissue anisotropy, along with other 

factors, including the temperature of irradiated tissues [5,6]. At a distance from the site 
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of tissue ablation, and along a combined thermal and scatter gradient, the reduction in 

applied laser fluence may deliver sub-ablative photonic energy density; with absorption 

by tissue components, a modulation process ensues, with examples of enhanced cellular 

activity, increased local vascular and lymphatic circulation, and analgesic effects that, 

combined, can promote a positive and advantageous healing process. The latter represents 

a combination of direct suppression of an inflammatory cascade, in addition to the 

facilitated optimization of conditions that are conducive to cellular repair and 

regeneration phenomena [7–9]. 

Through an ‘‘assumed’’ convention, the capacity of a relatively narrow bandwidth of 

visible and near infra-red (NIR) wavelengths to deliver tissue penetration and photon 

scatter has been denoted as the ‘‘optical window,’’ with emissions ranging from approx. 

650nm to 1350 nm [10–13]. The NIR optical window may be computed from the 

absorption coefficient spectrum expressed relative to that of target tissue components 

[14]. The length of the optical pathway may be viewed as a function of multiple factors, 

including the refractive index of the tissue medium, the angle of incidence, and the 

wavelength itself, as well as parameters such as irradiance, surface spot size, and optical 

beam profile. 

Hence, some questions remain regarding accountability for the degree of uneventful 

healing that may accompany surgical procedures when using laser wavelengths that are 

outside or remote from this optical window bandwidth. 

This systematic review sets out to evaluate published articles related to para-surgical, 

post-surgical, and healing outcomes of dental laser applications whose emission 

wavelengths are shorter and longer than the optical window (650nm–1350 nm) range. 
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Prime criteria applied are randomized controlled human studies during a 10-year period 

that conform to an acceptable risk of bias, and they also represent post-surgical outcomes 

that have been independently evaluated by three of the review authors. 

Materials and Methods 

During the period April 28 to May 11, 2020, an electronic literature search was conducted 

through the search engines PubMed, Cochrane Database of Systematic Reviews, and 

Google Scholar. The applied keywords and their combinations were as follows: 

(CO2 OR carbon dioxide OR erbium OR Er:YAG OR Er,Cr:YSGG OR green OR KTP 

OR blue OR 445 OR 450 OR 532 OR visible) AND laser AND (soft tissue OR oral 

surgery OR lip OR tongue OR buccal mucosa OR granuloma OR gingivectomy OR 

biopsy OR leukoplakia OR lichen OR ankyloglossia OR frenectomy OR fibroma OR 

mucocele OR ranula OR gingiva hyperpigmentation OR gingiva depigmentation OR 

implant recovery OR second stage surgery). 

In addition, the following MeSH Terms were employed: surgery, oral; lasers; 

ankyloglossia; gingiva; tongue; granuloma; ranula; mucocele; mouth mucosa; biopsy; 

leukoplakia; gingivectomy; fibroma; oral surgical procedures; erbium; lip; 

hyperpigmentation; carbon dioxide; lichen; and sub-heading: pathology. 

From this, it could be arrived at that 8378 articles were first indicated before limitation to 

clinical, humans, 10 years, and from peer-reviewed journals in the English language only. 

After application of these selection criteria, this total number was reduced to 282 articles. 

After removal of pilot studies, no clinical trials, in vitro studies, other medical fields (e.g., 

dermatology, general surgery), non-surgical dental fields [e.g., periodontology, 

endodontics, antimicrobial photodynamic therapy (aPDT)], three independent reviewers 
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further reduced the total to 58 articles. After removal of duplicates, 46 articles remained 

thereafter. 

These articles were subject to full-text evaluation; studies with small sample sizes (<10 

patients), no control group, case series, animal studies, and literature reviews were 

removed. 

From 31 articles, non-randomized controlled trials were excluded, a process further 

reducing the final number of eligible articles to 25. Within this final number, 4 articles 

were related to the use of ‘‘blue/green’’ (445nm–532 nm), 12 related to a mid-IR group 

(2780nm–2940 nm), and 9 articles to a far-IR (9300nm–10,600 nm) group of 

wavelengths.  

Within this number and range, the following inclusion and exclusion criteria were then 

strictly represented:  

Inclusion criteria: 

• laser wavelength outside the ‘‘optical window’’ (650nm–1350 nm) used as a light 

source; 

• only randomized controlled clinical trials; 

• ≥10 samples/participants per group; 

• an applicable ‘‘control’’ group. 

Exclusion criteria: 

• dermal and/or general medical applications; 

• duplicates or studies with the same ethical approval number; 
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• no control group; 

• no randomized controlled clinical trials or pilot studies; 

• low sample sizes. 

In accordance with the PRISMA statement [15], details of the selection criteria are 

presented in Figure. 1. 
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Figure #1. PRISMA diagram of articles selected. 

Data extraction 
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Having reached an agreement regarding the selection of included articles, the three 

reviewers involved subsequently and independently extracted data regarding: 

• Citation (first author and publication year); 

• Test/control groups; 

• Type of study/number of patients; 

• Aim of study; 

• Examined parameters; 

• Laser parameters; 

• Follow-up; 

• Outcomes. 

Quality assessment 

During data extraction, the reliability and validity of the included articles were further 

evaluated by assessing their risk of bias adhering to the PRISMA statement [15]. The 

Cochrane Risk of Bias tool16 was modified according to the requirements of this 

systematic review. 

The risk of bias was determined according to the number of ‘‘yes’’ or ‘‘no’’ responses to 

the parameters provided next, which were allocated to each study: 

• Sufficient randomization? 

• Sample size calculation and required sample numbers included? 

• Baseline situation similar to that of the test group? 
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• Existence of blinding? 

• Parameters of laser use described appropriately and correctly? 

• Power meter used? 

• Numerical results available (statistics)? 

• No missing outcome data? 

• All samples/patients completed the follow-up evaluation? 

• Correct interpretation of data acquired? 

The classification was performed according to the total number of ‘‘yes’’ answers to the 

questions just cited. For the current study, the degree of bias was computed according to 

the score limits provided next: 

High risk: 0–4; moderate risk: 5–7; low risk: 8–10. 

Results 

Primary outcome 

The primary goal of this systematic review was to critically appraise the treatment 

outcome regarding indices of healing and pain after oral soft tissue surgeries performed 

by laser wavelengths outside the 650–1350 nm optical window selection criterion. 

Data presentation 

The results related to combined Blue/Green and CO2 wavelengths are grouped to 

recognize the similar inherent continuous wave (CW) emission modes. Details of each 

study are shown in Tables 1 and 2. 
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Information acquired related to the erbium chromium YSGG and erbium YAG (free 

running pulsed [FRP] emission mode) is shown in Tables 3 and 4. 
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Quality assessment presentation 

The risk of bias of the included studies is presented in Table 5. In consideration of the 

factors determined by the authors to indicate scientific rigor, the risk was valued as 

high risk: 0–4; moderate risk: 5–7; low risk: 8–10. 

In total, 11 out of 25 (44% of) articles showed a low risk of bias with the following 

gradings: 

• 9/10 score—3 articles [24,24,26] (Ref.24 in Erbium and CO2 groups) 

• 8/10 score—8 articles [17,21,25,29,30,33,35,36] 

 

Overall, 14 out of 25 (56%) articles, respectively, showed a medium risk of bias with the 

following gradings: 

• 7/10 score—6 articles ]22,23,27,31,34,38] 

• 6/10 score—6 articles [18,19,32,37,39,40] 

• 5/10 score—2 articles [20,28] 

 

As far as the risk factor that gained the most common negative answers, the use of a power 

meter was recorded in only one of the studies, and only five of them performed sample 

size calculation and included the required number of participants. Regarding the correct 

and complete description of the laser protocol applied, 15 out of 25 studies had indicated 

it appropriately. 

Analysis of data  

Analysis of the studies was performed to evaluate the treatment outcome per each 

wavelength, with reference to the respective control group: 

• Blue (445 nm) compared with: 
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    Diodes (808nm and 970 nm): 2/2 positive [17,18] 

• Green (532 nm) compared with: 

    Diode 980 nm: 1/1 positive for the first 14 days [19] 

    532 nm + hyaluronic acid compound: 1/1 negative in 

     healing, and no difference in pain [20] 

• Erbium (2940nm or 2780 nm) compared with: 

    Scalpel:   3/7 positive, [24,26,29]                                                                                  

       4/7 no difference [22,23,27,30] 

    Diodes (808nm, 810nm and 980 nm):   

        2/3 positive, [21,32 1/3] 

         negative [28]                                     

    CO2 (10,600 nm): 1/2 positive, [24] 1/2 no difference [25] 

• CO2 (10,600 nm) compared with: 

   Scalpel:  3/6 positive, [24,37,38]    

     2/6 no difference, [34,39]    

     1/6 negative [35] 

   Low level laser therapy (LLLT) (890nm and 633 nm):  

      1/1 negative [40]    

    CW versus gated mode: 2/2 no difference [33,36] 

In total, 6 out of 13 (46% of) studies comparing laser wavelengths with scalpel treatment 

showed positive results, whereas 6 out of 13 (46%) reported no difference and only 1 out 

of 13 (8%) presented negative outcomes. 
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In addition, 5 out of 6 (83% of) studies comparing laser wavelengths with other diodes 

(808nm–980 nm) showed positive results, whereas 1 out of 6 (17%) had negative 

outcomes. 

Regarding the laser protocol applied, 10 out of 25 (40%) articles reported an incomplete 

laser parameter description [19,20,22,27,28,32,34,37,38,40]. The deficiencies concerned 

the following parameters: 

• Average Power delivered: 1/10 articles [38] 

• Tip or spot size: 5/10 articles [28,34,37,38,40] 

• Gated/pulsed frequency: 3/10 articles [28,34,37] 

• Fluence/irradiance (either missing or wrongly calculated): 6/10 articles 

[20,28,34,37,38,40] 

• Total energy delivered: 8/10 articles [20,22,28,32,34,37,38,40] 

• Tip-to-tissue distance: 7/10 articles [19,20,27,28,34,38,40] 

• Gated/pulse duration: 3/10 articles [19,20,22] 

• Irradiation time: 7/10 articles. [27,28,32,34,37,38,40] 

Discussion 

This systematic review has applied strict evaluation and risk-of-bias criteria to identify 

the quality and quantity of outcomes from laser-assisted oral soft tissue surgery, and to 

explore those outcomes that might be interpreted as examples of non-ablated tissue PBM 

effects. 

It was noted that the specifics of laser parametry and energy delivered was unclear in 

many of the articles examined. Similar deficiencies were found in the selected articles 

within this investigation, such as power meter used, fluence, irradiation, and total energy 

delivered. In addition, it was challenging to establish accurate values for the outcomes 

that were examined. Without a risk of bias and consideration of probability values related 
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to statistical significance, a meaningful interpretation of results would have been difficult. 

An earlier article [41] by the authors in this group highlighted the significant disparity in 

reported parameters within published articles focused on PBM. 

However, it is encouraging from the results that 46% of the post-operative observations 

were positive in relation to laser versus scalpel treatment, and compared with other diode 

lasers (808–980 nm), this respective percentage was 83%. It may be possible to explore 

the reasons for such results in terms of laser-tissue interactions as a function of varying 

wavelengths applied. 

Laser (and other light) therapies are effective, and their benefits are based on the principle 

of inducing a biological response through energy transfer [42]. This applies to both 

surgical (ablative) therapy and sub-ablative PBM therapy. 

The optimal photonic dose for oral soft tissue surgical management (photothermal 

ablation/incision) must be the subject of recommended settings and power meter 

confirmation. In addition, with NIR ‘‘hot tip’’ delivery, sufficient attenuation of the beam 

must be achieved to not only enable the tip temperature but also allow sufficient 

wavelength-specific photons to enter the tissue to achieve PBM [43]. Through anecdotal 

investigation, the authors estimate an optimal onward transmission of 15%. 

Photothermolysis should also represent a measured function of tissue type, laser 

wavelength relative to chromophore/absorptive tissue bimolecular components, and a 

deliverance of energy concentration to achieve efficient tissue ablation with minimum 

risk of collateral thermal damage. Average power, peak power, energy and power 

densities, exposure time, and, at some distance from the tissue zone of maximum 

photothermolysis and ablation (along a thermal and scatter gradient), the applied value of 
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fluence will diminish and tissue temperature will reduce to a level where dose parameters 

for PBM effects may occur [44]; therapies are usually within the range of 2–10 J/cm2 for 

enhanced qualities of healing, with a higher range of 10–30 J/cm2 for laser-induced 

analgesia [45]. 

Within research limited to dental and oral applications, an optical window has been 

understood to be between 650nm and 1350nm, without doubt founded on important 

existential phenomena of absorption and scatter effects of these wavelengths within oral 

soft tissues [46]. The predominance of investigations into laser-assisted surgical 

procedures with a generic ‘‘diode’’ laser offers an extremely high number of publications 

that are referenced in the PRISMA diagram related to the >650 nm wavelength range. 

Clearly, this fails to offer explanations regarding reported similar healing benefits when 

using laser wavelengths that are both shorter and longer than those represented by the 

NIR optical window. 

With accepted opinion related to the delivery of PBM effects with near IR wavelengths, 

a question regarding what mechanisms might pertain in promoting positive uneventful 

healing phenomena when using shorter and longer wavelengths is therefore posed.  

Shorter wavelengths of 400nm–600 nm have relatively low optical transmission within 

tissues. This is a consequence of absorption by chromophoric proteins as well as further  

colored agents, particularly those containing transition metal ions such as those of iron 

and copper, and to a lesser extent, manganese. The effects of absorption are dose related 

and can range from protein denaturation to mild transient hyperthermia [47]. In surgical 

mode, a small optical spot size is applied typically in contact with the tissues. The high 

radiant exposure and localized absorption results in tissue destruction by vaporization 
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and/or coagulation, or at even higher settings carbonization. In the immediate periphery 

of the zone of destruction, there can be sufficient localized heat to generate collagen 

contraction, which results in capillary closure. Dependent on operator technique, this can 

produce a relatively narrow zone of collateral tissue damage with excellent hemostasis. 

Also, in view of the high localized thermal zone, there is an area of disinfection since 

most bacteria, viruses, and fungi are sensitive to temperatures elevated above 500C. 

Consequently, beyond the immediate wound edge, there is an interstitial zone of sterile 

coagulation that acts as what may be termed a ‘‘laser bandage.’’ Beyond this zone of 

coagulation, however, the vital tissues respond with a classic tissue damage cascade, and 

as previously noted, there is an activation of the immune system producing an initiation 

of the cycle of wound damage mitigation, inflammation, primary wound matrix 

deposition, healing, and finally wound remodelling to the point of regeneration under 

optimal conditions [48]. 

Longer wavelengths in the mid-IR range of 2780nm–3000 nm are strongly absorbed by 

water. Since biological tissues are water rich, these wavelengths permit only a shallow 

depth of field surgery. If adequate superficial cooling air/water sprays dissipate heat 

accumulation, the zone of collateral destruction beyond the area of tissue disruption is of 

the order of up to 50 µm after explosive ablation and spallation. This type of tissue cutting 

is a differential affair to that associated with either the short or near IR wavelengths that 

primarily cut via photothermolysis. This phenomenon arises from the use of FRP laser 

devices with ultra-short pulse durations, along with exceptionally high peak power with 

the erbium-type laser sources. Since chemical -O-H functions are highly responsive to 

photo-excitation at these wavelengths, there is a process of phase transition from water to 

steam within microseconds of exposure. The consequent rapid volumetric change of the 
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expanded area of superheated vapor within a contained area, therefore, produces an 

explosive tissue disruption [49,50]. The fragmented target tissues are removed by 

exposure to an adjunct water spray and high-volume evacuation. Consequently, there is 

remarkably little heat diffusion to the deeper layers of the collateral tissues. Subject again 

to good operator technique and the informed use of appropriate parameters, the area of 

collateral tissue damage may be minimal; moreover, there can again be a highly localized 

tissue rim that is disinfected and coagulated again with an associated vasoconstriction to 

support hemostasis. In addition, there can be a localized rim of tissue that is disinfected 

and coagulated with an associated vasoconstriction to support hemostasis.  

Given the reduced optical penetration of both the shorter and the longer wavelengths of 

applied photonic energy, it is interesting to consider the multiple processes that may 

explain the mitigation of post-operative pain and swelling. Further, there is some evidence 

of an enhanced quality of repair; for example, Kesler et al [51]. in an animal study 

identified a sustained increase in platelet-derived growth factor in osseous tissues exposed 

to an erbium laser wavelength of 2940 nm, and Pourzarandian et al [52]. reported that 

COX-2 gene expression and PGE-2 concentration increased in an output dependent 

manner by irradiating human fibroblasts (in vitro) with an Er:YAG laser system. In 

addition, a report by Lubart [53] claimed that an Er-YAG laser system dissociates water 

and generates -OH radicals, possibly via an intermolecular vibrational (V-V) energy 

transfer in water, which competed with vibrational relaxation and was dependent on the 

pulse repetition rate and energy density per laser pulse. At low concentrations of such 

reactive oxygen species (ROS), fibroblast stimulation may cause collagen and 

extracellular matrix formation. Therefore, ROS formation may be a contributory factor 

featured in the wound-healing effect of erbium lasers in dentistry. 
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In consequence, it was the purpose of this review to examine the evidence base to 

critically evaluate and identify the nature of any added value of clinical laser integration 

into practice, and also to facilitate the highlighting of any areas worthy of consideration 

for future research into the mechanisms of PBM. The acronym ‘‘q-PBM’’—that is, quasi-

PBM [54]—has been suggested to possibly explain a post-surgery tissue response that 

mimics that achieved within the ‘‘optical window,’’ and also to question the cellular and 

biochemical processes that may be stimulated by these longer and shorter wavelengths 

involved. 

In providing surgery for the treatment of oral soft tissue pathology and cosmetic 

alterations, the dental professional has an obligation to maintain a positive benefit–risk 

ratio. The use of laser photonic energy of appropriate applied wavelength, dose, and 

timing has been shown to offer benefits during surgical procedures, and also to the patient 

during the early healing period. Indeed, there are considerable published data available to 

support the effectiveness of incisional hemostasis, and the development of a post-surgical 

surface coagulum [55–60] when using a range of surgical laser wavelengths, although a 

predominance of investigations into‘‘uneventful’’ healing has centered on the IR 

wavelengths that fall within the 650nm–1350nm optical window. Significantly, PBM is 

also considered an attribute to the delivery of ‘‘uneventful healing’’ that accompanies 

post-surgical laser therapy within clinical dentistry [4]. However, to date, the processes 

associated with these benefits are not fully understood. As stated earlier, at a distance 

from the site of tissue ablation, along a combined thermal and scatter gradient, there may 

be a direct influence of sub-ablative photonic energy density during a modulation process 

of enhanced cellular activity, increased local vascular and lymphatic circulation, and 

analgesic effects that, combined, can promote a positive and advantageous healing 
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process. The latter represents a combination of direct suppression of an inflammatory 

cascade, in addition to the facilitated optimization of conditions that are conducive to 

cellular repair and regeneration phenomena [6–8]. 

With the development of lasers as adjunctive surgical instruments, the benefits of each 

wavelength range within the series of commercially available dental lasers available have 

been summarized to represent one or more of the following [61]: 

Precision/control of non-linear incisions: relative to width/depth of ablation 

Incisional hemostasis: relative to laser wavelength 

Selective ablation: relative to tissue composition 

Pathogen control: incisional pathogen reduction/wound protection through post-ablation 

   coagulum 

Hard/soft tissue treatment harmonization: co-treatment, stage harmonization 

Positive healing phenomena 

As has been adequately described in the studies evaluated, such terminology is used to 

describe the para- and post-surgical outcomes of surgical laser-tissue interaction. Critical 

to photothermolysis, a thermal threshold exists within the tissue, below which the incident 

photonic energy values are insufficient to initiate structural disruption, a process resulting 

in warming, and below a sustained threshold of 45.50C, tissues are not irreparably harmed 

[62,63], with the potential for beneficial positive changes in cellular structures and 

biochemical processes [64]. In addition, with the use of red visible and NIR laser 

wavelengths, photon attenuation with a distance from the site of application will result in 

diminished irradiance to a point below that required to achieve the ablation threshold of 
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the tissue, yet it also allows the absorption of energy by cellular structures, resulting in 

collateral PBM remote from the zone of tissular ablation [65]. 

With all incident wavelengths, laser-assisted soft tissue surgery (tissue injury) prompts a 

succession of responses and reactions in the host tissue that may be summarized as the 

wounding, inflammation, proliferation, and remodelling phases. The primary wound and 

bleeding prompt the trigger of a coagulation cascade, and activation of the complement 

system and the kinin cascade [66,67]. The cellular response after wounding begins early, 

showing considerable changes already at 12–24h post-surgery, and from a clinical 

viewpoint, healing during the first post-operative days is crucial for the maintenance of 

wound stability and subsequent successful treatment outcomes [68]. 

Conclusions 

A detailed and blinded examination of published studies has been undertaken, applying 

strict criteria to demonstrate result data that suggest positive, or at worst neutral 

comparatives when a given laser wavelength is used against an alternative control 

therapy. With reference to the number of published articles examined, a significant 

improvement in addressing risk of bias and in reporting laser operating parameters would 

enable a wider range of published data to be examined within the strict criteria of this 

systematic review. As such, a substantiated evidence of laser surgery in delivering 

uneventful healing and analgesic effects, as an expression of PBM-like (quasi-PBM) 

influence, has been shown. From this series of investigations, a greater understanding of 

molecular, cellular, and regional tissue responses to applied energy at these wider 

wavelength ranges is sought. A summation of investigations of currently commercially 

available laser wavelengths in dentistry may then allow a more-inclusive meld of PBM 

effects within the current optical window, together with an adoption of a descriptive q-
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PBM to explain similar outcome effects of wider laser wavelength use in oral surgery. In 

this way, a desired outcome of understanding of soft tissue laser-tissue interaction, across 

the current therapeutic electromagnetic spectrum, may evolve. 

This systematic review supports a belief that through multiple biophysical and host 

cellular and biochemical responses, oral soft tissues are positively modulated through 

laser use. 
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4.5 Cause for concern? 

From the contents of Paper IV there is opportunity to evaluate the implication that across 

the three groups of laser wavelengths, some interpretation of assessment of “uneventful” 

healing might be connected with contemporal, but sub-ablative biomodulation. This 

proved difficult since although consistent with so many systematic reviews, the lack of 

full operating parameters is both significant and disappointing. Of the 25 peer-reviewed 

evidence-based RCT papers examined, the following, taken from Paper IV, offer some 

extent of the data, which is considered essential to the reproducibility of each of 10 papers 

in developing treatment protocols where parameters were absent: 

The deficiencies concerned the following parameters: 

• Average Power delivered: 1/10 articles  

• Tip or spot size: 5/10 articles  

• Gated/pulsed frequency: 3/10 articles  

• Fluence/irradiance (either missing or wrongly calculated): 6/10 articles  

• Total energy delivered: 8/10 articles  

• Tip-to-tissue distance: 7/10 articles  

• Gated/pulse duration: 3/10 articles  

• Irradiation time: 7/10 articles. 

In that the significance of fluence, irradiation time and total energy delivered have already 

been established, the concept of “apple pie” reproducibility is severely compromised 

through the extent and identity of such omissions. 
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This lack of fulsome recording would undoubtedly exert an influence on the clinical 

methodology being proposed through the study being evaluated, and also would bring 

doubt regarding the value of conclusions being drawn from each study.  

The outcome of surgical laser tissue manipulation will depend on several factors, each of 

which (or together collectively) may significantly affect the degree of interaction. Tissue 

composition, vascularity and bulk (thickness) will define optical properties and essential 

absorptive potential when expressed relative to the incident laser wavelength, but also the 

capacity to withstand the degree of thermal rise through photothermolysis. 

Aspects of variable parameters will be affected by the incident angle of beam and any 

surface wetness attributable to saliva, which may predispose to beam reflection and non-

absorption. Contact vs non-contact modes of delivery may affect the accuracy of the laser 

beam, its power density (W/cm2), and depth of penetration (λ specific). Contact mode is 

commonly found with visible / near IR surgical irradiation; disadvantages of this mode 

of application may include a risk of “hot-tip” effects, and the possibility of direct thermal 

damage or conductive thermal effects from the build-up and carbonisation of adherent 

ablation tissue debris. Inexperienced use of a quartz optic fibre in contact with the target 

tissue may lead to a risk of “scalpel” action. 

Laser light emitting from an optic fibre will undergo divergence over distance, through 

degrees of divergence of 10 – 20%. Laser light emitting from a simple fibre conduit 

handpiece will demand a close apposition to the target, in order to maximise accuracy. 

Alternatively, the beam can be focussed to a fixed distance where the handpiece is 

designed as non-contact beam delivery. Additionally, increased power density within a 

given spot area will lead to faster ablation, possible deeper penetration (relative to tissue 
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optical properties / 𝜆), and reduced width of cut; reduced power density conversely 

provides slower ablation and a reduced level of penetration and may increase the width 

of cut in view of collateral thermal effects of increased irradiation time. 

Excessive delivery of laser photonic power over extended time predisposes to tissue 

carbonisation; this surface interface will distort laser – tissue interactions and may cause 

thermal damage, post-operative tissue deformation and pain. Within the concept of 

photonic density per chosen beam area (spot size) an ascending level of thermally-

induced changes may be observed (Table #1): 

Energy Density (J/cm2) 

 

Tissue Effect 

 

Approximate Tissue 

temperature. ( 0C) 

10 

200 

500 

1000 

1000-5000 

>5000 

 

Warming 

Coagulation 

Welding 

Vaporisation 

Carbonisation 

Rapid cutting 

40 

60 

80 

100 

200 

>200 with thermal 

containment 

 

Table #1. Correlation between applied radiant exposure (energy density) of ascending 

value with observed effects in oral soft tissue. Ref. Tuchin, V. [176]. 

 

As an example, delivery of FRP near-IR irradiation, using a 300µm diameter quartz fibre 

and pulsed output of 100mj/pulse will deliver 141 J cm-2 per pulse. With a repetition rate 

of 50 Hz, the energy density (radiant exposure) will climb to 7,050 J cm-2, with 

consequent rapid cutting potential, but also with a significant risk of carbonisation. 

Excess thermal rise, achievable with even modest laser energy output but compounded 

through beam manipulation (as discussed above) may be reduced and mitigated through 

thermal relaxation measures, as listed in Table #2: 
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Thermal Relaxation  Influencing Factors 

Laser Absorption 

Characteristics 

Laser Emission Mode Duty Cycle 

Laser Incident Power 

(Watts – Joules Sec-1) 

Laser Power Density 

(Watts Cm -2)  

Beam Movement Relative 

to Tissue Site 

Time Endogenous Coolant 

(Blood Flow) 

Exogenous Coolant 

(Water, Air, Pre-cooling of 

tissue) 

Table #2. Thermal relaxation. Laser photonic variables that may exert an influence on 

mitigating excessive thermal rises in irradiated target tissues.  

 

Careful consideration should be given to optimise the cutting dynamics of an applied 

wavelength to a chosen surgical site, in order to embrace the physical limitations of 

photonic density and how they might come to influence the achievement of successful 

surgical management. The extensive number of variables together with the inherent risks 

associated with the omission of so many of them within published papers, underlines the 

importance of the subject and the obligation of “Primum non nocere” – first do no harm. 

The fundamental aspect of this concern is the degree to which correct operating variables 

contribute to optimal co-existent sub-ablative biomodulation effects.  

As discussed, the early investigations and hypotheses centred around the readily available 

visible-red and NIR laser wavelengths. The primary intracellular and secondary 

biochemical pathways and gene transcription leading to RNA and DNA activation, drew 

upon the specific matching of visible-red (~650nm) photonic energy to elements of the 

mitochondrial membrane electron transport chain, a process initiating the redox elements 

of ATP, ROS and NO● production. Of course, the two basic points not addressed through 

this early research remain: specifically the apparent similarity in post-surgical oral soft 

tissue with emerging short and long wavelength laser use, together with PBM-like activity 
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with the wide range of dissimilar cell lines within target structural anisotropic and turbid 

tissue. 

The details of mitochondrial ETC have been summarised on page #90 and specific to 

activity, areas of PBM-promoted effects may be identified. As a result of wavelength 

specific PBM-dissociated cytochrome activity (complexes IV and V), ATP production is 

increased, together with the release of NO● through the redox processes at the cytochrome 

c oxidase (CCO) ligands for its Fe/Cu metal ions. Through these processes, synthesis of 

RNA and DNA is promoted and NO●-induced cell membrane and local vessel dilatation 

is advanced; local tissue cell repair and regeneration are positively influenced. 

PBM dissociated ROS activity influences gene expression, together with stimulated 

production of activator protein (AP-1), nuclear factor kappa-B (NF-kB) and transforming 

growth factor beta-1 (TGF-β1). Within the early stages of wound stability and healing, 

PBM-promoted effects may be observed as a stimulation of cytokines and growth factors, 

platelet / coagulation pathways, angiogenesis and neovascularisation. Epithelial and 

endothelial structural cellular stimulation leads to proliferation and degranulation of mast 

cells, oral keratinococytes and fibroblasts, together with re-epithelialisation and early 

wound coverage. This is summarised in Figure #6. The balance and intensity of effects 

may reflect the multifactorial influence of tissue optical properties, applied and effective 

fluence, and the exposure time and frequency of application, together with the wavelength 

of applied irradiation. 
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Figure #6. Areas of cellular and local tissue activity associated with PBM effects. 

Immediate and early medium effects involve epithelial, endothelial and biochemical 

elements, that combined may result in reduced inflammation, healing pathways and 

analgesia. 

 

4.6 Wound healing: implications of the correct light dose through clinical outcome 

These effects are examples of the complexity of the many laser and host factors and 

variables. Of prime interest would be the anticipated effect that collectively, photonic 

“trickle down” PBM effects might exert. Figure #7 is taken from reference #177 to 

graphically illustrate tissue cellular response over a short (immediate), mid- and long-

term timeline. As part of the specific events and assuming tissue disruption during a 

surgical procedure on oral soft tissue using a scalpel, the following activities are notable:  



202 | P a g e  

 

Immediate tissue response (immediate – 10 days): bleeding, coagulation, platelet 

activation, complement activation, host-mediated inflammatory response, bacteria-

mediated inflammatory response. 

Mid-term tissue response (1 – 30 days): cytokines, macrophages, phagocytosis, 

granulocytes, fibroplasia, re-epithelialisation, extra-cellular matrix synthesis, collagens, 

angiogenesis. 

Long-term tissue response (10 days – 1 year): Extra-cellular matrix synthesis, 

degradation and re-modelling, increased tissue tensile strength, cellularity and maturity; 

functional re-establishment. 

  

Figure #7. Relationship between scalpel soft tissue incision and host response, 

compared with the modulating effects of laser surgical application and “trickle down” 

PBM effects. Original data taken from Ref. #177 with additional data (dotted line) to 

illustrate PBM effects (Source: S.Parker – personal observation).  

Against this complex but well-organised expression of both time and intensity, the 

influence of applied photonic energy and PBM effects would serve to achieve the 

following: 
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Inflammation: the host inflammatory response is subdued, relative to the individual, but 

together with the incisional pathogen reduction and formation of a laser coagulum and 

tenacious plasma protein denaturation, the intensity of the inflammatory reaction is 

reduced and somewhat shortened in duration. 

Cell proliferation and matrix deposition: PBM effects on individual cell activity, mitosis 

and extended apoptosis, together with extra-cellular matrix and local nutrient channels 

(blood, lymph), would suggest an intensification of the mid-term response, over the same 

period of time. 

Tissue remodelling: with the earlier, more intense cell and local tissue organisation, it 

may be observed that the long-term maturation is more pronounced and less subject to 

disruption. Classically, this may be noted as a collective series of events that constitutes 

“uneventful” healing. 

Taken together, the reality remains that for a given surgical event, representing minor oral 

soft tissue surgical manipulation, irrespective of the laser wavelength chosen, the peri-

operative, immediate post-operative and healing phases appear very similar. This may be 

noted in the examples shown in Figures #8, 9, and 10. Figures #8 and #9 demonstrate the 

removal of a benign irritation (traumatic) fibroma from the buccal mucosa, using a 

selection of laser wavelengths. In Figure #8, the wavelength selection is a 445nm InGaN 

diode laser, and a 810nm GaAs diode laser, and in Figure #9, the chosen wavelengths are 

the 2940nm Er:YAG and the 10,600nm CO2 lasers. It is of note that both diode lasers and 

the CO2 laser have inherently CW emission modes, whereas the erbium laser has a FRP 

co-axial air / water emission. Notwithstanding, the chosen variable parameters reflect a 

commonality of average power at 1.5–1.75 Watts.  
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Figure #8. Surgical excision of buccal fibroma using either a 445nm (left) or 810nm 

(right) diode laser. Equable average power parameters. Clinical images of the 445nm 

laser system courtesy of Dr E. Anagnostakis.  

With the two diode lasers shown in Figure #8, although the photonic energy of the shorter 

wavelength is higher, with operating parameters reduced slightly to compensate, there is 

near-identical appearance of the haemostatic incision and creation of tenacious 

proteinaceous coagulum at the time of surgery. Although the appearance denotes a rough 

outline (compared to the clean sharp incision line of a scalpel), the early healing and tissue 

resolution over 10 – 14 days is characterised by a distinct lack of inflammation 

surrounding the surgical site, together with no evidence of any linear tissue modifications, 

suggestive of possible later scar formation. This is supported through published data (#33, 

#157). 

With a similar series of clinical images and the same benign soft tissue lesion, the choice 

of longer wavelengths in Figure #9, provides a greater degree of difference, but with the 

same outcome post-operatively. The FRP erbium laser offers micro-second pulsing and 

high peak power per pulse; the co-axial water / air system is designed to reduce surface 
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tissue temperature and facilitate the washing away of debris. The thermal containment of 

the tissue is correspondingly reduced, resulting in some slight oozing of blood at the time 

of surgery. In this case, the achievement of a peri-operative coagulum is lost, however, 

by varying the operating parameters to switch off the coaxial elements, the photothermal 

consequence of laser action causes some tissue heating to enable the creation of an 

immediate post-operative tissue coagulum. As with Figure #8, the two wavelength 

choices appear to differ very slightly during the 10 – 14 day period post-operatively.  

 

Figure #9. Similar benign lesion removal, using the Er:YAG (2940nm) laser (left) and 

the 10,600nm CO2 laser (right). Peri-operative and post-operative appearances in both 

cases appears to show uneventful outcome. 

A similar consistency of outcome appears to span the choice of wavelengths between 810, 

2940 and 10,600nm, with a series of  second-stage implant recovery / restoration (Figure 

#10). As with the fibroma series, the difference in emission mode variables (CW, gated-

CW and FRP) is addressed through adoption of similar average power values. From these 

treatment series, it appears that similar and consistent outcomes can be achieved 

irrespective of the laser wavelength choice, provided comparable power variables are 
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addressed [178, 179]. In addition, the clinical appearance of “uneventful healing” would 

suggest that although those wavelengths within the so-called “optical window” 

(cumulative span of first and second NIR optical windows) at 650–1350nm, would draw 

upon evidence-based adjunctive PBM effects; a similar clinical appearance would suggest 

some form of tissue biomodulation with those wavelengths either side of the optical 

window.  

There is scant in vivo clinical assessment of what cellular and biochemical changes and 

pathways may be activated or energised with these extraneous wavelength applications; 

however, there is adequate published data taken from in vivo animal studies and in vitro 

cellular irradiation studies, to enable some understanding of the supportive sub-ablative 

activity that is subject to a general consideration of biomodulation.  

 

Figure #10. A three-case comparison of laser-assisted soft tissue ablation adjunctive to 

2nd stage implant recovery / restoration. The use of the 810 nm GaAs diode laser (left) 

appears to deliver precise surgical incision and haemostasis, while demonstrating 

evidence of PBM effects, post-surgery. There is consistent similarity when longer 

2940nm erbium YAG and 10,600nm CO2 laser wavelengths are used. 
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With those laser wavelengths currently commercially available to dental clinicians, the 

extraneous choice extends to the 445nm InGaN “blue” and 523nm KTP “green” lasers as 

shorter wavelengths, together with the 2,780nm Er,Cr:YSGG, 2,940nm Er:YAG and 

9,300-10,600nm CO2 longer wavelengths (Figure #11). 

 

Figure #11. Schematic of the visible / NIR – FIR EM spectrum. Those wavelengths 

outside the optical window are circled in red. 

Research conducted on oxidative mitochondrial respiration provides an established base 

to consider those wavelengths where CCO-centred absorption is a significant component. 

Several significant published studies have provided data to illustrate the outcome of 

cellular and tissue sample irradiation with shorter [180–184] and longer [185–188] 

wavelengths. In a study by Kim (2011), a number of mediators have been identified 

within the 650nm–1350nm range, and these have been arranged in Table #3 [189]; from 

this, a review of published papers has enabled a cross-reference of common effects that 

are reported as being associated with either shorter or longer wavelengths. From this, it 

may be appreciated that the extensive commonality of effects when using all laser 

wavelengths at the disposal of the dental clinician, whether ascribable to true 

photobiomodulation, or other thermally-mediated molecular rotational / vibrational 
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activities. Although the contention that PBM being non-thermally mediated is steadfastly 

resolute, it is evident from research that some temperature-related effects do indeed exist 

[181]. 

 

Table #3. Basic data from ref. #189, with cross-referenced evidence of post-irradiation 

short and long wavelength proliferation of mediators. 

Central to this commonality of effects across the visible-blue to far-IR EM spectrum, 

evidence available suggests increased cellular permeability and short wavelength ROS 

production, which are linked in secondary gene-signalling. Cytokine activity with growth 

factor proliferation provides evidence of PBM-like effects in post-surgical wound 

resolution. 

It is without question that both “true” PBM and other modulatory effects are wavelength 

specific. Across the spectrum, the notable effects that may be considered as contributory 

can be viewed as follows: 

405nm–450nm “Blue” / 532nm “Green”: Opsin-related enzyme signalling (OPN-2, 3, 

5 in dermal tissue). A downstream effect of opsin stimulation and activation by light are 
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the transient receptor potential (TRP) channels and in particular TRPV1 (capsaicin 

receptor). Once stimulated and the channel opened, calcium ions (Ca2+) may enter cells, 

induce calcium-calmodulin dependent kinase II (CAMKII), as part of cAMP 

phosphorylation in the nucleus. Blue light also induces significant ROS production in the 

cell, through the excitation of cryptochromes, notably flavins such as flavin 

mononucleotide (FMN) – located in Complex I and active in the reduction of molecular 

oxygen to superoxide (O2
.-). Other flavin cytochromes are found in Complex II and may 

mimic some of the mitochondrial membrane activity observed with red light. 

Additionally, blue light is also highly absorbed by porphyrins including that present in 

the heme group of CCO in Complex IV; activation through absorption of blue light 

photonic energy contributes to the redox transition through the electron transport chain. 

Blue light irradiation has also been shown to promote the production of heat shock 

proteins, indicative of the small thermal exchange of incident light to thermal energy. The 

532nm “Green” laser wavelength has been demonstrated to excite green-sensitive opsin 

channels, leading to intracellular calcium ion increase and associated promotion of ROS 

production.  Green light has also been reported to induce epithelial migration and 

proliferation. 

650nm–680nm “Red”:  The well-researched effects of red light on the 

mitochondrial membrane space ECT, has allowed an understanding of the staging through 

the ETC redox phosphorylation of AMP to ATP. Additionally, productions of ROS and 

NO● are noted, with downstream effects of increase in extracellular vasodilation and 

membrane permeability, related to the latter. ROS secondary effects include activation of 

enzyme pathways, notably nuclear factor kappa-B (NF-𝜿B), and consequent signalling 

transcription factor activation. 



210 | P a g e  

 

900nm–1,100nm NIR: Notable effects include activation of heat/light-gated ion channels, 

with calcium ion levels increasing and onward signalling. It is of note that in view of the 

ascending level of absorption of this wavelength range in water, the 980 nm wavelength 

affects temperature-gated calcium ion channels, whilst the  810 nm one largely affects 

mitochondrial cytochrome c oxidase. 

Mid- and Far-Infra-red: The high absorption of these wavelengths in water may 

contribute to the dissociation of intramolecular target OH- and ROS production. 

Additional effects relate to generation of heat shock proteins, along with increased 

viability and proliferation of epithelial and endothelial cell lines. 

These effects are summarised in Figure #12. 

 

Figure #12. Examples of various dental laser wavelengths and their PBM or PBM-like 

effects on cellular structure. Graphics S. Parker with respect to Salehpour F, et al.                    

MMol Neurobiol. 2018 Aug;55(8):6601-6636. 

The uncertain relationship between sub-ablative laser fluences of shorter visible and 

longer mid- and far-IR wavelengths rests upon the interpretation of the core laser-tissue 
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interaction and energy conversion; is the incident photon stream energy absorbed within 

the target tissue, and does it relate to molecular vibrational and rotational modes of 

adjusted activity and consequent pathway activation, or is the precursor simply 

photothermal conversion arising from a rise in thermal energy within the sub-ablative 

limits of interaction? 

Again, it is essential that variables of both wavelength and power/exposure time are 

respected, since it is evident that any excess applied irradiation would result in heat, not 

just to the extent that tissue ablation would be the risk, but that a more discrete excess 

energy and rise in fluence might exceed the bi-phasic peak of active positive benefit, and 

move towards the influence of a negative and undesired inhibitory effect. 

With direct surgical action, the end-tip temperature of the initiated contact optic fibre tip 

will, of course, reach supra-ablative temperatures of several hundred degrees. In these 

cases, care would need to be exercised in order to respect the thermal diffusivity of the 

target tissue relative to the conductive thermal rise, in order to avoid damaging 

carbonisation. Operating parameter variable management would include possible pre-

cooling of the target tissue, use of external cooling (high speed evacuation of laser plume), 

employment of gated-CW modes (milli- or micro-second gating), or FRP delivery relative 

to the laser being used and the employment of time intervals and/or removal of any 

ablative debris/carbonisation from both the fibre tip and the surgical site. 

The containment of excessive temperature rises observed with such techniques will 

enable the thermal (and possible scatter) gradients to reduce the photon/temperature load 

within a short peri-ablation zone; once the phase limit of either protein denaturation or 
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water vaporisation had been under-achieved, tissue warming to around 40–45 oC will 

serve as an indicator of the biomodulation of host tissue (as per Figure #1, page 155). 

Where the choice of therapy utilises PBM action directly applied to oral/peri-oral 

pathology or syndromic symptoms, careful assessment of all variables is mandated. With 

reference to the systematic review reported by Cronshaw et al. (2019) [123], there has 

been an evaluation of the original concepts of the biphasic action of ascending levels of 

stimulation. Originally derived from the concepts of hormesis expressed through the 

Arndt Schultz study and publication in 1888 [191], which was primarily related to plant 

response, the positive/inhibitory cycle of dose-to-response relationship has been adapted 

for the purpose of investigating light dose PBM irradiation of animal and human tissues 

[162, 192].  

Taken from the above paper [123], the dose/response effects are extended into the effects 

of higher PBM fluences (Figure #13):   

 

Figure #13. Extended graphic representation of relationship between applied radiant 

exposure (fluence) and biological response. Copied with permission from Ref: [123]: 

Cronshaw, M., Parker, S. and Arany, P. (2019). Feeling the Heat: Evolutionary and 
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Microbial Basis for the Analgesic Mechanisms of Photobiomodulation Therapy. 

Photobiomodulation, Photomedicine, and Laser Surgery, 37(9), pp.517–526. 

The PBM dose regimens represent a multi-phasic biological response, and emphasize the 

complexity of clinical dosing within a specific therapeutic window. From these extended 

data, ascending fluence values may be viewed to deliver initial biostimulation, which is 

beyond a “high-point”, further increase, which represents a decline in response towards 

bioinhibition. It has been concluded that an optimal mean value of applied radiant 

exposure would be 5 Joules per cm2;  doses in the “red-NIR 𝜆” range, for superficial 

pathologies, have a range of 2-10 J/cm2 [119, 193]. At a concept point of 10 J/cm2, further 

increase would define levels of bioinhibition, including that associated with neural 

conduction [194], and a correspondingly annotated “analgesia zone”; as such, dosimetry 

for analgesia may require 10–30 J/cm2 at tissue level, with a nominated mean value of 15 

J/cm2. 

A further consideration is the delivery of PBM therapy to pathology located at depth. It 

is fortunate that within the confines of oral and maxillofacial regions, the maximum depth 

from any surface–skin or intraoral mucosa is in the region of 10 mm (1.0 cm). The applied 

surface dose must be computed to account for two basic variables, the applied wavelength 

and optical properties of the overlying tissue. Added to these, are of course the nature of 

therapy required (biostimulation/analgesia/bioinhibition) [195, 196].  

Within the red visible–NIR wavelength range, the approximate attenuation of photonic 

energy at depth is 10% for each successive 1.0 mm of soft tissue depth. At the outer limits 

of deep pathology in facial tissues, this would amount to a surface dose correction of up 

to 90%, to account for losses through tissue thickness. Doses of the NIR 𝜆 value for 

deeper-seated disorders can therefore be higher, i.e. within the 10-50 J/cm2 range. This 
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would then require further assessment of applied dose to accommodate extended periods 

of irradiation at relatively high surface fluence, a process leading to thermal rise and pain. 

In theses cases, a reduction in the average power delivery may be required, with a 

corresponding extension in irradiation time in order that the requisite dose at depth is 

delivered. Failure to acknowledge these factors of parameter manipulation and control 

may result in both high dose inhibition, or the delivery of insufficient photonic energy to 

achieve the desired level of biologic response. Additionally, therapy may require 

successive applications and with such demands. Indeed, PBM treatment is usually 

repeated either every day, every other day, or extended subject to target cell type, and a 

course of treatment can last for periods of two weeks or more. 

A final aspect of light-dose variable parameters may be observed relative to the size and 

distribution of the irradiated area associated with an indicated PBM therapy. As  indicated 

in Paper II (page #96), the beam (spot) area of the delivery tip/applicator would influence 

several aspects of successful PBM effects, including the accuracy of lesion scanning, 

delivery of PBM at depth, and treatment time. As such, the choice of using a 300 µm 

diameter quartz optic fibre would have an acceptable indication for those 

lesions/pathologies of less than 1.0 cm2; even then, the use of such fibre delivery, held at 

a distance of 10 mm above the target tissue, and assuming a beam divergence angle of 

12o, would only cover a “spot” size of approximately 0.5 cm2. If the applicator tip is 

enlarged to a 10 mm diameter tip and held in near-contact with the tissue surface, the 

irradiation spot size would increase to 78 cm2. Assuming appropriate demands of the 

lesion size, it is significant to choose an appropriate delivery tip size, in order to optimise 

correct PBM fluence and treatment time. 
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In connection with exposure time and at-depth delivery, the total energy delivered has 

some significance. Assuming the fluence value loss is through attenuation and not 

primarily beam scatter or transmission, the irradiated volume of tissue will accommodate 

the full value of delivered photonic energy; since the prime laser-tissue conversion as 

photothermal, it is possible that tissue temperatures may rise significantly. Additionally, 

at those more superficial tissue layers overlying the target lesion, such may be the applied 

fluence that bioinhibitory effects may prevail and influence the post-treatment period 

accordingly.   

Fortunately, current dental laser therapy has given rise to choices of applicator tips and 

devices, to enable larger irradiation areas to be correctly treated.  

The variation in laser-tissue interaction using sub-ablative fluences reflects a variation in 

absorption coefficients of individual tissue components with variable applied laser 

wavelengths; scatter coefficient values, inversely proportional to (specifically) near-IR 

and visible red wavelengths will indeed affect the degree of energy conversion. As 

discussed at length, the variation of evidence of “true” PBM has been explored, compared 

to an appreciation of some thermal rise. The amount of thermal rise appears critical and 

within an assumed “biological” range of approximately 6.0 oC above the 370C body 

temperature to avoid irreversible change [197]. This technique has been commonly 

adopted in areas of dermatology, where non-photonic, pre-heating of tissue has been 

shown to assist in post-surgical tissue conditioning and early healing [198 – 200]. A key 

aspect of such adjunctive application of thermal conditioning, sufficient to raise the 

temperature by a few degrees, is to create in ‘stressed’ tissue the “molecular chaperones” 

or heat shock proteins (HSP). As noted in Figure #28, several HSP molecules have been 

identified with response-linked cell stresses, including heat, radiation and trauma (HS90, 
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HS70, HS25). In a recent bench-top exercise, as part of a future publication (Cronshaw 

M, Parker S), a selection of dental laser wavelengths were examined for the delivery of 

appropriate PBM fluences to porcine muscle in vitro, arranged in 1.0 mm thickness layers 

to represent 5.0 mm overall tissue thickness. Thermographic analysis has shown that, 

whereas the acknowledged NIR 940 nm photothermal wavelength led to considerable 

tissue thermal rise to depth, even the 2,780 nm Er,Cr:YSGG wavelength, delivering 

similar average power with coaxial air/water, resulted in some conductive thermal rise of 

a few =oC. This exercise is represented in Figure #14, and Table #4:  

 

Figure #14. Image of bench-top exercise using thermographic camera to record various 

applied laser wavelengths and thermal rises observed at in vitro tissue thicknesses of 

1.0–5.0 mm (courtesy of Dr M. Cronshaw). Within Figure #14 - Table #4. Reproduction 

of readings of thermal rise (deg. C), per applied wavelengths – 445nm, 940nm, 

2780nm) and per tissue thickness. (Data  courtesy of Dr M. Cronshaw). 

Although this exercise awaits the deduction of statistical significance, it may be observed 

that although considered a surface-interactive laser wavelength with oral soft tissue, the 
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erbium 2,780 nm wavelength delivers only a slight thermal rise, consistent with a heat 

shock protein threshold. Although subject to further investigation, such events may help 

explain the promotion of clinical post-surgical appearance with such longer wavelengths, 

consistent with a description of “uneventful healing” and supplemental PBM-like, 

thermobiomodulation.  

4.7 Summary 

• Discussion of this area of investigation is offered through Paper IV: Parker S, 

Anagnostaki E, Mylona V, Cronshaw M, Lynch E, Grootveld M. (2020). 

Systematic Review of Post-Surgical Laser-Assisted Oral Soft Tissue Outcomes 

Using Surgical Wavelengths Outside the 650nm-1350 nm Optical Window. 

Photobiomodul Photomed Laser Surg. 38(10):591- 606.    

doi:10.1089/photob.2020.4847.  

• There has been scant investigation into this area of laser oral surgery, other than 

generalised reference to post-operative pain, healing and inflammation, together 

with patient acceptance. With analysis of a risk of bias tool, some extrapolation 

has been possible together with statistically significant conclusions regarding the 

extent of laser-induced tissue photo- and thermos-biomodulation. 

• The exploration of possible contributing factors of sub-ablative modulation with 

shorter and longer dental laser wavelengths, would indicate varying biochemical 

activity to allow an understanding of uneventful healing with post-surgical soft 

tissue with these lasers. 

• A common characteristic of many RCT studies to research further the 

phenomenon of laser-assisted uneventful healing, has highlighted the lack of 

availability of full laser operating parameters. 
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• Significantly, this contributes to imprecise replication of treatment modality and 

protocol, with an attendant risk of patient harm. 

___________________ // ______________________ 

 

 

Chapter 5: Future Challenge and Conclusions 

5.1 Future challenges 

The research into laser-adjunctive benefits in both clinical surgical and non-surgical 

dentistry has developed to embrace improvements in specificity and scientific rigour. 

There may be limits to the simplistic extrapolation of research based on animal and in-

vitro studies to the human model, and progress should be through quality studies, to 

provide challenge and evidence-base to the implicit attraction of anecdote in defining the 

benefits of laser use. 

The enormous challenge is where there is either ethical or study design constraints to 

examine laser use as a clinical monotherapy. Often, any investigation of laser use over 

alternative therapy combines not only the limits of ethical committee overview, but also 

suffers the potential risk of choice of cohort groups and multi-variable biotype, host 

response, and the specificity of treatment protocols. Additionally, within those studies 

that explore optimal light dosage relative to a clinical need being met through laser use, 

the significance of active group operating parameters remains paramount. 

A perception arises of a casual acceptance of laser use offering benefits that supplant 

those multifactorial essential contributing parameters that have been explored through 

this thesis. A clinical investigation may be undertaken without the necessary study design 
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and range of data acquisition in able to enable robust statistical analyses and significance 

determination.  

As a result, the evolution of scientifically-robust investigations into laser use in clinical 

dentistry has suffered – mostly through poor reproducibility or, more fundamentally, poor 

or inadequate data arising from the incomplete recording of operating parameters; as 

witnessed through Paper #II, the additional significance of power losses along the 

delivery fibres associated with visible and near-IR lasers adds a further dimension of data 

non-reliability.  

In summary, incomplete materials and methods and the specific lack of record of the use 

of a power meter to confirm the delivered laser photonic dose (relative to the control panel 

values) are very important considerations. It is proposed that these deficiencies have 

contributed to a distorted evaluation of lasers as an evidence-based adjunctive instrument. 

There has been a significant increase in recent peer-reviewed investigations, to 

acknowledge the contribution of photobiomodulation in the primary resolution of 

pathology or as a therapeutic partner in the delivery of uneventful healing following tissue 

surgery. In many instances, previous opinion, often extending to dogma as to the essential 

surgical benefits of laser use, has been re-evaluated as being substantially influenced 

through PBM-mediated tissue pathways. Not only has the underlying emphasis of this 

thesis been directed to the significant influence of PBM, but also the increased risk of 

light dose error when considering the comparatively narrow range of delivered fluence, 

when compared to that associated with surgical laser power delivery. 

Furthermore, and of peripheral consideration, when compared to the remit of this thesis, 

recent awareness of the significance of laser PBM in delivering analgesia relative to head 
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and neck pathology and post-surgery has been suggested to address the growing incidence 

of opioid drug dependency. A scale of the challenge has been highlighted in a recent 

published article [201] to examine population uptakes of prescribed analgesics. Given 

that regulatory bodies in many countries are considering the possible alternative benefits 

of PBM phototherapy over drug medication, the immense significance of correct and 

extensive laser operating parameters must be recognised. 

Through the evolution of peer-reviewed evidence-based research into PBM, the defining 

early principles of mostly mitochondrial and other intracellular effects received worthy 

prominence. However, the gradual emergence of the wide and far-reaching downstream 

effects of PBM has helped to provide an increased scientific base to the influence of 

wavelength-specific photonic energy in host tissue response. In the discussion following 

Paper IV (also shown in the Discussion II Table #3, page 205), drawing upon reference 

#189,  a wide range of bioactive mediators have been shown to be associated with 

photonic irradiation. As shown through a personal literature search, these mediators have 

been analysed as being affected by laser wavelengths outside the optical window of 650–

1100nm. Such findings provide a strong argument regarding contributions to combined 

post-surgical clinical outcomes – so-called uneventful healing – that may be seen with 

445nm–650nm and >2780nm wavelength dental laser use. Notable to photothermal 

temperature rise of even a few degrees, the generation of heat-shock proteins may have 

significance. Further research would be justified to examine a contributing 

thermobiomodulation, as a basis for the tissue response seen with those wavelengths 

outside the optical window range. Such research is of vital importance to the clinician in 

seeking an optimal laser wavelength for a given procedure. An attempt has been made in 

Paper IV in order to accommodate this breadth of concept, to explain through “quasi-
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PBM”, the collective positive outcomes of irradiation with shorter and longer laser 

wavelengths. What may supersede this line of research would appear to examine an 

overlap of “true” PBM effects (650nm–1350nm) with those associated with 

thermobiomodulation. 

5.2 Conclusion 

This thesis has explored parameter variables associated with the delivery of laser photonic 

energy in dentistry. It has enabled three major areas of application to be explored:  

a/ Laser-tissue interaction, both sub-ablative diagnostic and photobiomodulation as 

well as supra-ablative surgical – essentially photothermolytic – action. Paper I – “Current 

Concepts of Laser–Oral Tissue Interaction”, explored the early inappropriate range of 

parameter flexibility, but how contemporary laser devices enable much more flexibility 

in choosing correct power parameters. In addition, the paper considered the range of laser-

tissue phenomena, relative to variable laser wavelengths and photonic energy delivery. 

b/ The wider scope for photonic energy delivery errors, including the choice of 

appropriate parameters consistent with the expected outcome, power losses through 

delivery system faults, over-treating through excessive fluences and the consequences of 

collateral laser-induced thermal damage. 

Through the publication of Papers II and III, “Photobiomodulation Delivery Parameters 

in Dentistry: An Evidence based Approach” and “The influence of delivery power losses 

and full operating parametry on the effectiveness of diode visible–near infra‑red (445nm–

1064 nm) laser therapy in dentistry - a multi‑centre investigation”, it has been shown that 

incomplete parameter reporting, delivery system power losses, and deeper tissue beam 

performance may exert significance in “false negative” study outcomes.  
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c/ The influence of peri-surgical, predominantly thermal gradient, but also 

wavelength-specific scatter gradient, on surgical laser action, with a concomitant tissue 

biomodulation, together may give rise to “uneventful healing” i.e., the effects are 

consistent with concepts of PBM. Crucial to predictable PBM effects remains the concept 

of accurate dose, relative to anatomical target site, applied photonic power, and tissue 

optical properties – in all aspects of delivery, including the accurate use of parameter 

terminology  

PBM may be considered as a “stand-alone” therapy, or as part of a surgical phototherapy, 

through a combination of thermal and light scatter gradients, and it is appropriate to 

consider that the same philosophy applies within surgical ablative laser fluences, albeit 

with wider margins of accommodating error potential. 

Collectively, the delivery of therapeutic photonic energy constitutes a measurable light 

dose. In conclusion, this thesis has demonstrated four important points:  

• All laser-tissue interaction is mandated by the application of minimum power 

values applied to effect an optimal outcome;  

• The significance of “dose error”, which through negligent omission of full 

parametry, or deficiency in accurate calibration, significantly interferes with and 

compromises the desired dental treatment outcome.  The clinical surgical cases 

above have demonstrated how excessive thermal damage to fragile oral tissue can 

occur; similarly, a dose error occurring during PBM therapy could result in no 

expected benefit and potential inhibition.  

• “Optical window” wavelength range, consistent with those visible-red and near 

infra-red surgical and PBM emissions, through their deeper tissue penetration, 
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extends the concept of dose to a volumetric irradiation and which is significantly 

dependent on intra-tissue photon scatter! 

• With the emergence of large bulk tissue pathologies, the Gaussian distribution of 

beam profile requires caution to deliver a correct dose. 

It is beholden on the clinical dental professional, irrespective of treatment or 

instrumentation, to observe “Primum non nocere” as a basic duty of care to those patients 

undergoing dental treatment. As defined through International Electrotechnical 

Commission regulations, Class IIIB and Class IV lasers are those that are potentially 

capable of exerting some damaging outcomes, and there is therefore a responsibility to 

apply and interpret the appropriate choice of operating parameters to minimise any risk 

of harm. To a considerable extent, a level of ignorance existed amongst the early adopters 

of laser use in clinical dentistry, not least because of effects arising from the application 

of inappropriate, often excessive “light doses”. However, much of these deficiencies have 

now been resolved through research and the publication of peer-reviewed studies, 

although it remains of considerable significance that many of the intricate and inter-

related variables featured in laser photonic deliveries are either not reported or ignored. 

It is therefore hoped that through this thesis, a greater awareness of the multi-faceted 

aspects of potential error and consequent negligent iatrogenic damage will be 

acknowledged, with an improved understanding of the influence of all measurable values 

of laser delivery may emerge, along with their many variances. 

___________________ // ______________________ 
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