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Abstract

High-Intensity Laser Therapy (HILT) represents a mechanistic subset of High-Power Laser
Therapy (HPLT), distinguished by the addition of a photoacoustic component to established
photochemical and photothermal effects. High-peak (kW), short-pulse emission generates
pressure waves exceeding 10 kPa in water (27 °C) and approximately 100 kPa in vivo,
levels that are compatible with the activation of mechanotransductive processes relevant to
cellular differentiation. These pressure waves propagate several centimeters into biological
tissues, extending beyond the optical penetration depth of light. We introduce Pulse Energy
Dose (PED), a physically grounded and clinically oriented dose metric, to determine
whether a laser system meets the photoacoustic threshold while remaining within the
thermoelastic regime. Only systems combining kilowatt-range peak power, microsecond
pulses, high pulse energy, and very low duty cycles (<1%) consistently induce pressure
waves within the therapeutic thermoelastic regime. PED was validated against the Margheri
equation, showing a strong linear correlation with calculated pressure wave amplitude
(Pearsonr > 0.9, p < 0.0001). Based on these results, we define operational bounds that
identify high-power laser systems capable of producing reproducible photoacoustic effects
within thermoelastic conditions. This framework shifts classification from average power
to mechanism of action, providing guidance for safe parameter selection and supporting
a mechanism-based clinical use of high-power lasers, particularly in musculoskeletal
disorders, cartilage regeneration, bone healing, and deep-tissue repair.

Keywords: High-Intensity Laser Therapy; pulse energy dose; photoacoustic effects;
thermoelastic regime; regenerative medicine

1. Introduction

The therapeutic use of light in biology was first explored in the 1960s, when Endre
Mester observed accelerated tissue regeneration following low-level laser exposure [1]. This
pioneering discovery laid the foundation for photobiomodulation (PBM), later advanced by
Tina Karu [2], who demonstrated that Cytochrome C oxidase absorbs red and near-infrared
(NIR) light, enhancing ATP production and activating intracellular signaling pathways,
such as PI3K/AKT and ERK/MAPK.

Subsequent work by Tunér and Hode [3] emphasized the relevance of wavelength,
fluence, and pulse structure in determining therapeutic outcomes. More recently, in vitro
studies by Sleep et al. [4] confirmed the biphasic cellular response to light: moderate
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energy doses (~5.3 J/cm?) enhance mitochondrial and osteogenic activity, whereas ex-
cessive exposure (>10 J/cm?) may inhibit these effects, particularly in the absence of
mechanical stimulation.

Laser-tissue interactions occur through three primary biophysical mechanisms:

Photochemical effects, typical of LLLT, modulate mitochondrial function and inflam-
matory mediators (Lawrence & Sorra [5]).

Photothermal effects, predominant in HPLT, convert light into heat and promote va-
sodilation, extracellular matrix (ECM) remodeling, and transient analgesia [6-9]. Additional
immunomodulatory effects have also been reported [10,11], along with immunomodulation
(Mikhaylov et al. [10], Alghitany et al. [11]). However, if not carefully dosed, thermal stress
may occur.

Photoacoustic effects, exclusive to HILT, result from high-peak, short-duration pulses
generating acoustic pressure waves. These waves activate mechanotransduction via tyro-
sine kinase signaling (Tarantino et al. [12]) and cytoskeletal remodeling (Monici et al. [13]
and Cialdai et al. [14]) and promote fibrocyte-to-fibroblast conversion [15,16], which are
key steps in tissue repair.

Preclinical and clinical studies [17-20] show that HILT promotes deep-tissue regenera-
tion, requiring pressure waves exceeding 10 kPa in water at 27 °C. Considering the higher
absorption coefficients in vivo [21], this threshold increases to approximately 100 kPa. This
value is consistent with the magnitude of mechanical stimuli reported in hypergravity
studies [13,14,22-25].

Although the Margheri equation (Equation (2)) [26] accurately models these effects,
its complexity limits clinical utility. Therefore, we propose the Pulse Energy Dose (PED,
Equation (5)), a simplified yet biophysically sound parameter derived from the Pulse
Intensity Fluence (PIF) model (Fortuna & Masotti [27]) to evaluate whether a laser system
can generate therapeutic pressure waves.

This study introduces PED as the basis of a new mechanism-based classification of
therapeutic lasers, distinguishing photoacoustic-capable HILT configurations from conven-
tional systems by their ability to exceed photoacoustic thresholds within the thermoelastic
regime.

In this framework, the pressure threshold discussed in this study should be interpreted
as a physical and operational reference for the reliable generation of photoacoustic waves
under thermoelastic conditions, rather than as a universal biological activation threshold
applicable to all cell types or tissues.

1.1. Laser Systems Classification

Historically, laser therapy was first defined in the context of low-level laser therapy
(LLLT), now referred to as photobiomodulation (PBM), which was initially characterized
by average powers below 0.5 W and later extended to approximately 1 W. Subsequently,
the term High-Intensity Laser Therapy (HILT) was introduced to describe a distinct class
of high-power pulsed lasers designed to generate specific physical effects beyond purely
photochemical and photothermal interactions. Over time, however, the term HILT has
been increasingly used to describe a broad range of laser systems operating above the
conventional LLLT power threshold, regardless of their underlying emission characteristics.
As aresult, high-power laser therapy (HPLT) currently encompasses heterogeneous systems
with markedly different biophysical behaviors. In this context, the present study adopts
a mechanistic definition of HILT, identifying it as a specific subset of high-power laser
systems capable of generating reproducible thermoelastic photoacoustic pressure waves.

LLLT operates at average powers below 1 W and induces photochemical effects. It
is typically used for superficial conditions, where low-energy photons modulate mito-
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chondrial activity and inflammatory mediators without inducing significant thermal or
mechanical stress.

HPLT systems deliver average powers above 1 W, often ranging from 5 to 20 W.
These devices combine photochemical and photothermal effects, promoting vasodilation,
extracellular matrix (ECM) remodeling, and analgesia. However, most HPLT systems lack
the pulsed structure required to generate reproducible photoacoustic pressure waves.

HILT systems represent a mechanistic subset of HPLT, specifically designed to achieve
a triple mechanism of action—photochemical, photothermal, and photoacoustic—through
the use of high-peak power, short-duration pulses, and low duty cycles. While photo-
chemical and photothermal mechanisms can support tissue repair across a range of laser
therapies, HILT is uniquely characterized by the controlled generation of thermoelastic
pressure waves that provide an additional mechanotransductive stimulus, particularly
relevant for deep-tissue regeneration. These pressure waves propagate through tissues
in a manner comparable to ultrasound, enabling therapeutic effects beyond the optical
penetration depth of light.

To define the operational range of HILT, it is useful to refer to the classification of
laser—tissue interactions proposed by Niemz [28]. This framework categorizes laser effects
into five principal interaction domains based on energy density, power density, and pulse
duration, as schematically illustrated in Figure 1 and described below.
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Figure 1. Map of laser—tissue interactions. Adapted from Niemz (2007) [28], who modified Boulnois
(1986) [29].

Photochemical effects—Occurring at power densities below 1 W/cm? and exposure
times above 1073 s, these low-energy interactions primarily modulate biochemical reactions
without inducing significant thermal or mechanical impact.

Photothermal effects—Observed in the range of approximately 1 W/cm? to 10° W/cm?,
with exposure times between 107¢ and 10" s. In this domain, absorbed optical energy
is converted into heat, leading to controlled tissue warming, collagen remodeling, and
vascular responses.

Photoablative effects—Typically occurring at power between 10° and 10° W/cm?,
with pulse duration in the nanosecond range. These interactions result in tissue removal
through vaporization and are characteristic of precise surgical applications.

Photodisruptive effects—Associated with power densities exceeding 10° W/cm?
and exposure times below 1077 s. In this regime, laser-induced pressure transients—
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i.e., short-lived, non-stationary pressure waves generated impulsively by rapid energy
deposition—lead to microcavitation and mechanical disruption.

Plasma-induced ablation—Present at extreme power densities (>10'2 W/cm?) and
ultrashort pulse durations (femtosecond to nanosecond range), typically associated with
ablative surgical lasers such as CO,, Ho:YAG, and Er:YAG lasers.

The thermoelastic domain, positioned below the photoablative threshold, includes
both the photochemical and photothermal interaction regimes. Within this domain, laser-
induced pressure transients can be generated while avoiding irreversible tissue damage.
HILT operates within this thermoelastic regime, where controlled stress waves can en-
gage mechanotransductive pathways associated with tissue remodeling and regeneration
without leading to permanent tissue disruption. To preserve this non-invasive therapeutic
profile, power density is typically maintained below 10® W/cm? for pulse durations in
the microsecond (us) range, thereby avoiding transitions into ablative or photodisruptive
regimes. Furthermore, the in vivo energy dose (J/cm?), which quantifies the volumetric
distribution of deposited energy, can be derived from the applied fluence (J/cm?) and
the effective optical penetration depth (deg). At the wavelength of A = 1064 nm, the ab-
sorption coefficient of skin in vivo is approximately o = 1.48 cm™~!, about one order of
magnitude higher than that of water [21]. Accordingly, the effective penetration depth can

be estimated as: 1 1
For an applied fluence of 1000 ] /cm?, the corresponding energy dose is therefore:

1000 J/cm?

~ 3
0676cm = [479)/cm

Energy Dose =
These calculations indicate that HILT operates within an in vivo energy dose of ap-
proximately 1.47 to 1479 J/cm?, depending on the applied fluence and tissue absorption
properties. This range is consistent with deep-tissue stimulation while remaining within
the thermoelastic regime. In contrast, surgical lasers such as CO,, Ho:YAG (2100 nm),
and Er:YAG (2940 nm) operate within the photoablation and plasma-induced ablation
regimes, where both energy densities and laser-induced pressure transients far exceed
thermoelastic limits. These lasers generate pressure waves exceeding millions of kPa,
leading to immediate tissue fragmentation rather than controlled regenerative stimulation.
The extremely high-power densities and ultrashort pulse durations characteristic of these
systems promote nonlinear phenomena such as plasma formation and explosive ablation,
well beyond the biophysical conditions compatible with tissue regeneration.

1.2. Theoretical Foundations of HILT-Induced Pressure Waves

The ability of HILT to induce mechanotransduction stems from the generation of
pressure waves, a phenomenon governed by thermoelastic effects. Foundational studies in
photoacoustics by Oraevsky et al. [30,31], along with the theoretical framework described
by Wang and Wu [32] in Biomedical Optics, established the key role of pressure waves in
laser-tissue interactions. Building on this foundation, Yao et al. [33] demonstrated that,
for ultrashort pulses (<1 ps), pressure wave amplitude depends primarily on fluence. In
contrast, in the 10-300 ps pulse range, typical of HILT, the amplitude is influenced by both
fluence and laser intensity at the tissue interaction site. This dual dependence is a hallmark
of HILT.

Further expanding on these principles, Esenaliev et al. [34] confirmed that pressure
waves generated under thermoelastic conditions are directly proportional to laser fluence
and the optical absorption coefficient of the tissue, with the Griineisen parameter serving
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as a scaling factor. This relationship is mathematically described by the thermoelastic
photoacoustic pressure equation (Equation (1)):

P=Tu,F 1)

where

- Pis the peak pressure (Pa),

- I'isthe Griineisen parameter,

- g is the optical absorption coefficient (cm~1),
- Fyis the laser fluence (J/cm?).

Equation (1) highlights the direct proportionality between peak pressure and both
optical absorption and fluence, with the Griineisen parameter serving as a scaling factor.

Consistent with Equation (1), these findings reinforce that HILT remains within the
thermoelastic domain, as defined by Niemz [28], where pressure waves stimulate cellular
responses without exceeding the threshold for photodisruptive effects. Unlike surgical
lasers (CO,, Ho:YAG, Er:YAG), which operate in the photodisruptive and plasma-induced
ablation domains, HILT preserves tissue integrity while activating regenerative pathways.

While Equation (1) captures the fundamental thermoelastic relationship between
fluence and pressure, the Margheri equation [26] (Equation (2)) provides a more precise
analytical method for calculating pressure waves in laser—tissue interactions; however, its
complexity limits clinical applicability. To address this limitation, we propose the Pulse En-
ergy Dose (PED): a simplified yet effective alternative for assessing laser-induced pressure
waves and ensuring that HILT systems operate safely within the thermoelastic window.

1.3. Margheri Equation for Analytical Pressure Wave Modeling

One of the key physical phenomena underlying HILT is the generation of pressure
waves at the interface between air (Medium 1) and biological tissue (Medium 2). When a
pulsed laser beam enters the target medium, it triggers an elastic expansion that gives rise
to a pressure wave, propagating from the surface into the tissue. As illustrated in Figure 2,
this transition generates an acoustic wave essential to the HILT mechanism.

Elastic expansion

Laser beam

Medium 1 ‘ Medium 2

Figure 2. Photoacoustic effect: a laser beam transitions from Medium 1 to Medium 2, generating an
acoustic wave through elastic expansion, key in HILT mechanisms.

The amplitude of this wave, which is critical in initiating both photoacoustic and
mechanotransductive responses, depends on laser parameters and the thermophysical
properties of the tissue.
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The most accurate theoretical model for calculating the amplitude of laser-induced
pressure waves in a biological medium is provided by Margheri [26]. The equation
integrates both laser settings and tissue-specific parameters and can be expressed as
Equation (2):

p(z,t) = f(L,v,zta,p,Kc) (2)

where [ is the peak intensity of the laser, v is the speed of sound in the medium, and the
terms a (absorption coefficient), p (density), K (thermal conductivity), and c (specific heat)
describe the intrinsic thermophysical properties of the irradiated medium.

While Equation (2) offers high theoretical accuracy, its clinical applicability is limited
by the need for input parameters—such as thermal conductivity, specific heat, and tissue
density—that, although well documented in biophysical literature, are rarely accessible
to clinicians in real-world settings. Building on the thermoelastic dependence expressed
in Equation (1), we introduce the Pulse Energy Dose (PED), a simplified yet robust metric
grounded in Niemz’s framework [28] and conceptually derived from the PIF model pro-
posed by Fortuna and Masotti [27], designed to provide a more practical tool for estimating
HILT-induced pressure waves in therapeutic contexts.

1.4. Biological Effects of HILT and Mechanotransduction

Mechanical pressure plays a fundamental role in cellular adaptation and tissue regen-
eration, not only in laser applications but also in hypergravity and mechanical loading
models. Studies have shown that pressure levels in the 10-800 kPa range drive key bio-
logical processes, including cell differentiation, extracellular matrix (ECM) remodeling,
and angiogenesis. These findings underscore the physiological relevance of HILT-induced
pressure waves in regenerative medicine.

Monici [13], Cialdai [14], Bosco [15], Cheng [23], De Cesari [24], and Genchi [25] have
demonstrated that biological responses to mechanical forces emerge at pressures as low
as 10 kPa (1 G) but become significantly more pronounced at 100-800 kPa (10-80 G). This
range closely aligns with the Griineisen parameter threshold (200-800 kPa) for efficient
photoacoustic stimulation in biological tissues.

For example, De Cesari et al. [24] observed that exposure to hypergravity levels of
>4 G (39.2 kPa) significantly enhanced angiogenesis, cell motility, and ECM remodeling in
endothelial cells. Genchi et al. [25] further showed that extreme hypergravity conditions
(150 G; 1471.5 kPa) accelerate neurogenesis and neurite outgrowth, confirming the mechano-
sensitivity of neuronal cells.

To contextualize these findings, it is useful to convert gravitational force into pressure
using the hydrostatic equation (Equation (3)):

p = pgh 3)

where p is pressure (Pa), p is fluid density (kg/m?), g is gravitational acceleration
(9.81 m/s?), and h is the fluid column height (m). In water (r = 1000 kg/m?), 1 G cor-
responds to ~9.81 kPa. As explained in The Feynman Lectures on Physics [35], pressure is
a fundamental mechanical quantity that governs the behavior of matter in both static and
dynamic systems.

p = 1000 x 9.81 x 1 = 9.81 kPa

From Equation (3), assuming water density (p ~ 1000 kg/m?) and a unit column
height, pressure can be directly expressed as a function of gravitational acceleration in
multiples of Earth’s gravity:

p(kPa) = G x 9.81 4)
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Equation (4), derived from Equation (3), allows us to express hypergravity levels in
terms of pressure, making it easier to interpret their effects in various applications.

The table below (Table 1) summarizes the relationship between pressure levels and bio-
logical responses reported across different studies. In biological systems, pressure is increas-
ingly recognized as a critical mediator of cellular responses to external mechanical forces.

1.5. HILT and HPLT: The Need for a Distinct Classification

- While High-Power Laser Therapy (HPLT) and High-Intensity Laser Therapy (HILT)
are often used interchangeably in marketing and clinical contexts, this conflation is
both scientifically and therapeutically misleading. Although both systems operate
at average powers exceeding 1 W, their biophysical mechanisms of action depend
critically on emission parameters rather than on average power alone. High-power
laser configurations that are characterized by continuous or quasi-continuous emission,
or by relatively high duty cycles, primarily induce photochemical and photothermal
interactions. These effects include vasodilation, transient analgesia, myorelaxation,
increased microcirculation, and mild tissue heating. Under such emission conditions,
the generation of a reproducible thermoelastic pressure wave capable of effective deep
propagation is unlikely. By contrast, when high-power laser systems are operated
under parameter configurations that enable a thermoelastic photoacoustic response,
they are characterized by:

- Peak powers in the kW range,

- Pulse durations between 10 and 300 ps,

- Pulse energy densities of several hundred mJ/cm? to >1]/cm?,

- Very low duty cycles (typically < 1%).

These configurations enable the generation of photoacoustic pressure waves that can
exceed the 10-100 kPa range associated with the activation of mechanosensitive biological
processes.

Table 1. Biological effects of different mechanical pressures (gravity- and laser-induced) on various
target tissues.

Gravity (G) Pressure (kPa) Authors Biological Effect Target Tissue
11G 10.79 kPa Bosco et al. [22] Neuromuscular adaptation Leg extensor muscles
2G 19.62 kPa Cheng et al., [23] Increased bone density Bone
. . . o Endothelial cells
4G 39.24 kPa De Cesari et al. [24] Pro-angiogenic activation (HMEC-1)
. Fibroblasts,
10 G 98.1 kPa Monici et al. [13] ECM remodeling a.nd chondrocytes,
mechanotransduction .
endothelial cells
. Vascular stimulation and .
20 G 196.2 kPa De Cesari et al. [24] . . Vascular endothelium
coagulation regulation
50 G 490.5 kPa Genchi et al. [25] Accelerated neurogenesis PC12 neuronal cells
150 G 1471.5 kPa Genchi et al. [25] Enhanced I}eurlte o u.t growth PC12 neuronal cells
and differentiation
Pressure wave generation in Laser-irradiated
200-800 kPa 2-8 bar Yao [33] laser therapy (Griineisen

biological tissues
parameter)

Abbreviations: G, gravity; kPa, kilopascal; ECM, extracellular matrix; HMEC-1, human microvascular endothelial
cells. The table summarizes the relationship between pressure levels and biological responses across different stud-
ies. The pressures induced by HILT (10-800 kPa) align closely with those observed in hypergravity experiments,
where mechanical stimuli promote angiogenesis, ECM remodeling, neurogenesis, and tissue regeneration.
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The sharp acoustic gradients produced by such pulses are capable of engaging
mechanosensitive ion channels, cytoskeletal remodeling, and fibroblast conversion—effects
that are not reproducibly elicited under conventional high-duty-cycle emission conditions.

Despite this clear biophysical distinction, many high-average-power diode lasers are
marketed as HILT systems, even though their emission parameters are incompatible with
photoacoustic generation. This practice contributes to conceptual ambiguity and may lead
to inappropriate clinical use, particularly in the treatment of deep or degenerative tissues
where photoacoustic propagation is a key therapeutic component. For these reasons, a
classification based on biophysical thresholds and emission parameters, rather than on
average power alone, is required to guide both experimental studies and clinical protocols.
The Pulse Energy Dose (PED) model introduced in this study addresses this need by
providing a simplified, mechanism-specific metric for identifying photoacoustic-capable
HILT configurations within the broader class of high-power laser systems.

1.6. Scope of the Study

While Equation (2) [26] provides a precise theoretical framework for calculating laser-
induced pressure waves, its complexity—requiring additional biophysical parameters—
limits its applicability in clinical settings. Specifically, it depends on the optical absorption
coefficient, tissue density, thermal conductivity, and specific heat: values that are well
known in experimental biophysics but are rarely available or considered in routine medical
practice. In contrast, PED relies solely on laser usage parameters, such as peak power,
frequency, and spot size, which are readily accessible to clinicians and operators.

By correlating PED-derived pressure values with biological thresholds identified in
hypergravity studies, we further validate the physiological relevance of photoacoustic
effects in regenerative medicine.

The specific aims of this study are to:

- Establish PED as a functional tool for classifying therapeutic laser systems, ensuring
that their operating parameters fall within the thermoelastic regime, which is critical
for safe therapeutic applications involving photoacoustic effects.

- Define both lower and upper operational thresholds for HILT, identifying the mini-
mum fluence and pulse structure required to generate pressure waves above 10 kPa
in vitro, while avoiding the transition into photoablative or photodisruptive domains,
as defined by Niemz's classification [28].

- Identify the laser emission parameters and operating configurations that enable the
generation of reproducible thermoelastic photoacoustic pressure waves and use these
criteria to define when a high-power laser system can be operationally classified
as HILT.

2. Materials and Methods

We selected a set of clinical lasers, including both surgical and therapeutic devices,
operated under different parameter configurations representative of those most commonly
available on the market and encountered in routine clinical practice, as described by
Niemz [28] and Tunér & Hode [3]. The modeled lasers are reported in Table 2, that includes
wavelength (A), absorption coefficient (o), average and peak power, spot diameter, pulse
repetition frequency (PRF), pulse duration (7-on), and duty cycle (%).
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Table 2. A: wavelength; o:: absorption coefficient; Avg Power: average output power; Peak Power:
maximum instantaneous output power; Spot Diam: laser spot diameter; PRF: pulse repetition
frequency; Pulse Duration t-on: laser pulse width; Duty Cycle: ratio between pulse duration and
period, expressed as percentage. T: therapeutic lasers; S: surgical lasers.

Th':;?}:;“tic Avg Power Peak Spot Diam Pulse Duty Cycle
Surgical (S) Alnm] o [em ] g[W] Power [W] b [cm] PRE [Hz] ?}:;:Rt:} {%]y
Lasers
S 10,600 1000.00 15 15,000.00 0.01 10 100 0.1%
S 10,600 1000.00 1.5 1500.00 0.01 10 100 0.1%
S 2940 10,000.00 15 15,000.00 0.03 10 100 0.1%
S 2940 10,000.00 2 4000.00 0.03 10 50 0.1%
S 2100 31.00 40 20,000.00 0.03 10 200 0.2%
S 2100 31.00 10 5000.00 0.03 10 200 0.2%
T 1064 0.15 2 133.33 0.5 100 150 1.5%
T 1064 0.15 2 200.00 0.5 100 100 1.0%
T 1064 0.15 1.8 300.00 0.5 60 100 0.6%
T 1064 0.15 10 1000.00 0.5 100 100 1.0%
T 1064 0.15 10 714.29 0.5 40 350 1.4%
T 1064 0.15 1.2 184.62 0.5 10 650 0.7%
T 1064 0.15 9.6 1600.00 0.5 60 100 0.6%
T 1064 0.15 10 1666.67 0.5 40 150 0.6%
T 1064 0.15 9 3000.00 0.5 30 100 0.3%
T 1064 0.15 1.2 1200.00 0.5 10 100 0.1%
T 1064 0.15 5 2500.00 0.5 20 100 0.2%
T 1064 0.15 4.5 3000.00 0.5 15 100 0.2%
T 1064 0.15 3 3000.00 0.5 10 100 0.1%
T 1064 0.15 1.5 3000.00 0.5 10 50 0.1%
T 1064 0.15 1 2000.00 0.5 5 100 0.1%
T 1064 0.15 2.1 3000.00 0.5 7 100 0.1%
T 1064 0.15 1.5 3000.00 0.5 5 100 0.1%
T 1064 0.15 20 5714.29 2 17,500 0 0.4%
T 1064 0.15 10 2857.14 1 17,500 0 0.4%
T 1064 0.15 5 1428.57 0.5 17,500 0 0.4%
T 1064 0.15 5 20.00 1 10 25,000 25.0%
T 1064 0.15 5 10.00 1 10 50,000 50.0%
T 1064 0.15 5 6.67 1 10 75,000 75.0%
T 980 0.50 20 5714.29 2 17,500 0 0.4%
T 980 0.50 10 2857.14 1 17,500 0 0.4%
T 980 0.50 5 1428.57 0.5 17,500 0 0.4%
T 980 0.50 20 80.00 3 10 25,000 25.0%
T 980 0.50 10 40.00 2 10 25,000 25.0%
T 980 0.50 5 20.00 1 10 25,000 25.0%
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Table 2. Cont.
Thf;a)li)i“tic Avg Power Peak Spot Diam Pulse Duty Cycle
Surgical (S) Alnm] o [em™] g[W] Power [W] k [cm] PRE [Hz] ?_lzl:tﬁ)sr]l {%]y
Lasers
T 980 0.50 5 10.00 1 10 50,000 50.0%
T 980 0.50 5 6.67 1 10 75,000 75.0%
T 910 0.08 5 20.00 1 10 25,000 25.0%
T 910 0.08 5 10.00 1 10 50,000 50.0%
T 910 0.08 5 6.67 1 10 75,000 75.0%
T 905 0.08 5 1428.57 0.5 17,500 0 0.4%
T 905 0.08 5 714.29 0.5 100,000 0 0.7%
T 810 0.02 5 20.00 1 10 25,000 25.0%
T 810 0.02 5 10.00 1 10 50,000 50.0%
T 810 0.02 5 6.67 1 10 75,000 75.0%

We modeled their behavior using Equation (2) (Margheri) and Pulse Energy Dose
(PED, Equation (5)).

To accurately describe the pressure wave propagation in a biological medium, the
analytical mode, developed by Margheri [26] provides a robust framework Equation (2):

12 ﬁ 1 — — z
patent) = prf — 2 (g paR) 11 2)
Kl\/]?erKz\/E

where

- Iis the laser pulse intensity.

- vy is the speed of sound in the second medium.

- zisthe depth.

- tis the time of wave propagation.

- Other parameters (Kj, by, i, o) describe the medium’s thermal, mechanical, and optical
properties of the irradiated medium.

The Pulse Energy Dose (PED) is defined as:

Fluence
PED = Penetration x DC ®)

where

- Fluence is the energy per pulse (E,) divided by the spot area [cm?].

- Penetration is given by 1/a, where a is the absorption coefficient of water (Palmer &
Williams [36]).

- DC (Duty Cycle) is the ratio of laser pulse duration (t-on) to the total period (T),
expressed as a percentage.

In other words, we are evaluating fluence in relation to penetration depth and
emission time.
Through algebraic manipulation, Equation (5) can also be expressed as:

1
PED = x o x -
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where

- I, is the peak power divided by the spot area.
- fis the pulse repetition frequency (Hz).

In essence, if we know the spot size, peak power, and pulse repetition frequency, we
can calculate the Pulse Energy Dose (PED) in J/cm?.

In this model, penetration depth was assumed to be the reciprocal of the absorption
coefficient, 1/«.

The goal here is to determine whether the intensity of light is capable of generating a
pressure wave greater than 10 kPa and whether this wave remains within the thermoelastic
regime, ensuring its suitability for therapeutic applications.

We proceeded with the calculation of both parameters: pressure wave, according to
Equation (2), and Pulse Energy Dose (PED, Equation (5)). We applied the calculations to
the same lasers and configurations listed in Table 3.

Table 3. Surgical Lasers, Pressure Wave [kPa] vs. PED [J/ cm?®]. A, wavelength; «, absorption
coefficient; Avg Power, average power; Peak Power, peak power; Spot Diam, spot diameter; PRF,
pulse repetition frequency; T-on, pulse duration; Duty Cycle, ratio between pulse duration and period;

PED, pulse energy.

Therapeutic Pressure

i Al et ME Pk PP e Duson  Gde M0 P
Lasers T-on [us] (%] [kPa]

S 10,600 1000.00 15 15,000.00 0.01 10 100 0.1% 6,612,218,865 19,098,593,171
S 10,600 1000.00 15 1500.00 0.01 10 100 0.1% 661,221,887 1,909,859,317
S 2940 10,000.00 15 15,000.00 0.03 10 100 0.1% 7,346,910,296  21,220,659,079
S 2940 10,000.00 2 4000.00 0.03 10 50 0.1% 1,959,176,079 5,658,842,421
S 2100 31.00 40 20,000.00 0.03 10 200 0.2% 30,367,163 87,712,058
S 2100 31.00 10 5000.00 0.03 10 200 0.2% 7,591,791 21,928,014

We then used statistical analysis to investigate the relationship between the pressure
wave calculated using Equation (2) and Pulse Energy Dose (PED, Equation (5)). To quantify
this relationship, we applied Pearson’s correlation coefficient (r), which measures the linear
association between two variables. The coefficient r is expressed as Equation (6):

L(Xi—X)(Y;—Y)

NS

r

(6)

where

- X, represents individual pressure wave values,
- Y represents corresponding PED values,
- Xand Y represent the mean values of pressure wave and PED, respectively.

A high positive correlation (r ~ 1) would indicate that PED can serve as a useful
surrogate metric for estimating the laser-induced pressure wave.

For better visualization, results were categorized based on the type of laser: Sur-
gical lasers, Pulsed therapeutic lasers, Superpulsed therapeutic lasers, and Chopped
therapeutic lasers.

The findings are presented in a scatter plot, where the x-axis represents the pressure
wave (kPa) and the y-axis represents PED (J/ cm?). This visualization allowed us to assess
whether the data points followed a linear trend, further supporting the reliability of PED as
a proxy for estimating laser-induced pressure waves.
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We then performed a statistical analysis to investigate the relationship between the
pressure wave amplitude calculated using Equation (2) and the Pulse Energy Dose (PED,
Equation (5)). The strength of this relationship was quantified using Pearson’s correlation
coefficient (1), which measures the degree of linear association between two variables.

Correlation results were visualized using scatter plots, with pressure wave amplitude
(kPa) on the x-axis and PED (J/cm®) on the y-axis. Data points were grouped according
to laser category (surgical, pulsed therapeutic, superpulsed therapeutic, and chopped
therapeutic) to assess whether a consistent linear trend was observed across different laser
configurations.

To evaluate the robustness of the PED model across different laser types, Pearson’s
correlation coefficient (r) and statistical significance (p < 0.05) were calculated separately
for each laser category. This subgroup analysis allowed us to verify the consistency of the
PED-pressure wave relationship across surgical and therapeutic laser systems.

In addition, energy dose thresholds were calculated for both in vitro and in vivo condi-
tions to account for differences in optical absorption and laser-tissue interactions between
experimental models and biological tissues. This distinction supports the application of the
PED framework in both preclinical studies and clinical settings by defining appropriate
operating ranges for each context.

3. Results

The study yielded three main results: (i) a strong correlation between pressure wave
amplitude and PED; (ii) the identification of the minimum and maximum operational
thresholds for photoacoustic effects; and (iii) the definition of laser operating conditions
that enable the generation of pressure waves exceeding 10 kPa in vitro.

3.1. Correlation Between Pressure Wave and PED

Table 3 shows the pressure wave and energy dose values of the most used settings for
soft tissue surgery. As observed, the values range from millions to billions of J/cm?3, which,
according to Niemz’s [28] classification, corresponds to photoablative or plasma-induced
regimes. These values are far beyond the thermoelastic regime, which is the one of interest
for HILT (High-Intensity Laser Therapy).

To assess the relationship between the pressure wave calculated using Equation (2) and
the Pulse Energy Dose (PED, Equation (5)), we computed Pearson’s correlation coefficient
(r) along with its statistical significance (see Figure 3).

1.00 x 10"
©

1.00 x 10
_ ©
(ap]
5 o
= 1.00 x 10°
|
o

1.00 % 108 O

O
1.00 x 107
1% 10° 1x107 1% 108 1% 10° 1% 10"
Pressure Wave [kPa]

Figure 3. Scatter plot showing the relationship between Pulse Energy Dose (PED) [J/ cm®] and
pressure wave amplitude [kPa] for surgical lasers (data from Table 4).
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Table 4. Statistical summary of the correlation between pressure wave and pulse energy dose (PED) in
surgical lasers. Abbreviations: PED, pulse energy dose; PW, pressure wave; PED/PW, ratio between
PED and pressure wave; SD, standard deviation.

Surgical Lasers Pressure Wave [kPa] PED [J/cm?®] PED/PW
Mean 2,769,581,014 7,999,599,010 2.888378773
Standard Deviation 3,345,194,176 9,662,187,758 2.888378746
Covariance 3.23219 x 10"
Pearson’s r 1.00

p-Value 9.05957 x 1073

The correlation analysis between Pressure Wave [26] and PED resulted in a Pearson’s
correlation coefficient of 7 = 1.00, indicating an almost perfect linear relationship between
the two parameters. The associated p-value (p = 9.06 x 10~3!) confirms that this correlation
is highly statistically significant, meaning that the probability of this relationship occurring
by chance is virtually zero.

Table 5 shows the pressure wave and energy dose values of the most commonly
used therapeutic settings in laser therapy. As observed, the values range in J/cm3, which,
according to Niemz'’s [28] classification, corresponds to a thermoelastic regime typical of
therapeutic procedures.

Table 5. Color-coded summary of therapeutic lasers, classified according to the generated pressure
wave and PED values. Legend. Green rows identify real HILT devices (pressure wave > 10 kPa);
pink rows indicate intermediate lasers (pressure wave between 1 and 10 kPa); white rows correspond
to low-power lasers (pressure wave around 0 kPa). Abbreviations: A, wavelength; «, absorption
coefficient; Avg Power, average power; Peak Power, peak power; Spot Diam, spot diameter; PRF,
pulse repetition frequency; T-on, pulse duration; Duty Cycle, ratio between pulse duration and period;
PED, pulse energy dose; PW, pressure wave.
ThirTa)p:ru e B Avg Peal Spot PRF Pulse Duty P;%saiire PED
Surgical (S) A [nm] o [em—1] Power Power Diam [Hz] Duration Cycle[%] Margheri [J/em®]
Lasers Wi Wi Leml ol [kPa]

T 1064 0.148 133.33 0.5 100 150.00 1.50% 0.35 1.005

T 1064 0.148 200.00 0.5 100 100.00 1.00% 0.52 1.508

T 1064 0.148 1.8 300.00 0.5 60 100.00 0.60% 1.30 3.769

T 1064 0.148 10 1000.00 0.5 100 100.00 1.00% 2.60 7.538

T 1064 0.148 10 714.29 0.5 40 350.00 1.40% 4.65 13.460

T 1064 0.148 1.2 184.62 0.5 10 650.00 0.65% 4.82 13.916

T 1064 0.148 9.6 1600.00 0.5 60 100.00 0.60% 6.94 20.100

T 1064 0.148 10 1666.67 0.5 40 150.00 0.60% 10.85 31.407

T 1064 0.148 9 3000.00 0.5 30 100.00 0.30% 26.06 75.376

T 1064 0.148 1.2 1200.00 0.5 10 100.00 0.10% 31.30 90.451

T 1064 0.148 5 2500.00 0.5 20 100.00 0.20% 32.59 94.220

T 1064 0.148 4.5 3000.00 0.5 15 100.00 0.15% 52.16 150.752

T 1064 0.148 3 3000.00 0.5 10 100.00 0.10% 78.25 226.127

T 1064 0.148 1.5 3000.00 0.5 10 50.00 0.05% 78.25 226.127

T 1064 0.148 1 2000.00 0.5 5 100.00 0.05% 104.36 301.503

T 1064 0.148 2.1 3000.00 0.5 7 100.00 0.07% 111.81 323.039

T 1064 0.148 15 3000.00 0.5 5 100.00 0.05% 156.54 452.255
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Table 5. Cont.
The(rTa)P:ru e B Avg e Spot PRF i Duty P;%iiuere PED
Surgical (S) A [nm] o [em—1] Power Power Diam [Hz] Duration Cycle[%] Margheri [J/em®]
Lasers (W1 W1 lem] T-on [us] [kPa]
T 1064 0.148 20 5714.29 2 17,500 0.20 0.35% 0.00 0.015
T 1064 0.148 10 2857.14 1 17,500 0.20 0.35% 0.00 0.031
T 1064 0.148 5 1428.57 0.5 17,500 0.20 0.35% 0.00 0.062
T 980 0.502 20 5714.29 2 17,500 0.20 0.35% 0.01 0.052
T 980 0.502 10 2857.14 1 17,500 0.20 0.35% 0.03 0.104
T 980 0.502 5 1428.57 0.5 17,500 0.20 0.35% 0.06 0.209
T 905 0.075 5 1428.57 0.5 17,500 0.20 0.35% —0.01 0.031
T 905 0.075 5 714.29 0.5 100,000 0.07 0.70% —0.01 0.003
T 1064 0.148 5 20.00 1 10 25,000.00 25.00% 0.13 0.377
T 1064 0.148 5 10.00 1 10 50,000.00 50.00% 0.07 0.188
T 1064 0.148 5 6.67 1 10 75,000.00 75.00% 0.04 0.126
T 980 0.502 20 80.00 3 10 25,000.00 25.00% 0.20 0.568
T 980 0.502 10 40.00 2 10 25,000.00 25.00% 0.22 0.639
T 980 0.502 5 20.00 1 10 25,000.00 25.00% 0.44 1.278
T 980 0.502 5 10.00 1 10 50,000.00 50.00% 0.22 0.639
T 980 0.502 5 6.67 1 10 75,000.00 75.00% 0.15 0.426
T 910 0.075 5 20.00 1 10 25,000.00 25.00% 0.07 0.191
T 910 0.075 5 10.00 1 10 50,000.00 50.00% 0.03 0.095
T 910 0.075 5 6.67 1 10 75,000.00 75.00% 0.02 0.064
T 810 0.0191 5 20.00 1 10 25,000.00 25.00% 0.02 0.049
T 810 0.0191 5 10.00 1 10 50,000.00 50.00% 0.01 0.024
T 810 0.0191 5 6.67 1 10 75,000.00 75.00% 0.01 0.016

Table 6 shows r = 0.99, confirming a near-perfect linear relationship between Pressure
Wave and PED that remains extremely strong. The constant PED/PW ratio (~2.89) indicates
that PED can reliably predict the pressure wave across different therapeutic laser config-
urations. The p-value is close to zero, ensuring that this correlation is highly statistically
significant and not due to random variation.

Table 6. Statistical summary of the correlation between pressure wave and pulse energy dose (PED)
in therapeutic lasers. Abbreviations: PED, pulse energy dose; PW, pressure wave; PED/PW, ratio
between PED and pressure wave; SD, standard deviation; Pearson’s r, correlation coefficient.

Therapeutic Lasers Pressure Wave [kPa] PED [J/cm?] PED/PW
Mean 18 52 2.89
Standard Deviation 37 108 2.89
Covariance 4034.109101
Pearson’s r 0.999999975
p-Value 8.9669 x 107137

The absolute values of both Pressure Wave and PED are significantly lower, meaning
that the system is within a thermoelastic regime, which is desirable for HILT applications.

The Scatter Plot illustrates the relationship between Pressure Wave [26] and PED for
therapeutic lasers (see Figure 4).
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Figure 4. Scatter plot showing the relationship between Pulse Energy Dose (PED) [J/cm?] and
Pressure Wave [kPa] for therapeutic lasers.

3.2. Thresholds (MIN and MAX) for Photoacoustic Effects

Our results indicate that a minimum Energy Dose (ED) of 30 J/cm? is required to
generate a pressure wave exceeding 10 kPa, a threshold identified as sufficient for inducing
reproducible photoacoustic effects. This threshold, represented by the green band (Table 6),
marks the baseline for effective photoacoustic interaction.

To translate fluence (F) into Energy Dose (ED), we applied the formula:

ED:FX1
x

where the depth of penetration is approximated as the reciprocal of the absorption coeffi-
cient 1/« for each wavelength (A). This conversion allowed us to construct Table 7, which
establishes the upper and lower energy dose limits for different laser wavelengths in vitro
and in vivo. Accordingly, the identified ED thresholds can be consistently interpreted
within the Pulse Energy Dose framework defined in Equation (5).

Table 7. Maximum pulse energy dose (PED) limits in vitro and in vivo for different laser wave-
lengths. Abbreviations: A, wavelength; «, absorption coefficient; 1/, optical penetration depth;
Max ED, maximum energy dose; PED, pulse energy dose. Note: Reported values indicate threshold
PED levels associated with tissue optical properties, distinguishing between in vitro and in vivo
experimental conditions.

A [nm] o [em—1] /o [em—1] Max ED [J/cm?] Vitro Max ED [J/cm?] Vivo
10,600 1000.00 0.0010 1,000,000 10,000,000

2940 10,000.00 0.0001 10,000,000 100,000,000

2100 31.00 0.0323 31,000 310,000

1064 0.15 6.7568 148 1480

980 0.50 1.9920 502 5020

910 0.08 13.3333 75 750

905 0.06 16.4204 61 609

810 0.02 52.3560 19 191

Nd: YAG (1064 nm): the maximum ED in vivo is approximately 1480 ] /cm®. Exceeding
this value may lead to overstimulation.
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Diode lasers (980-810 nm): the upper limit ranges from 5020 J/cm® (980 nm) to
191 ]/cm?3 (810 nm).

Highly absorbent wavelengths (Er: YAG—2940 nm, CO,—10,600 nm): these lasers
exhibit exceptionally high ED values, exceeding practical therapeutic applications.

3.3. Comparison of High-Power Laser Configurations Based on Photoacoustic Capability

The analysis of the data reported in Table 5 (color-coded table) indicates that, within the
broad category of high-power laser systems, three distinct parameter configurations emerge,
characterized by different abilities to generate thermoelastic pressure waves. Rather than
defining rigid therapeutic categories, this classification reflects clusters of laser operating
conditions that occupy different regions with respect to the photoacoustic threshold.

Green zone (photoacoustic-capable configurations).

This region includes laser configurations that generate pressure waves in the range
of approximately 10-150 kPa under the tested in vitro conditions. These parameter sets—
characterized by kilowatt-range peak power, microsecond pulse duration, high pulse
energy, and very low duty cycle—correspond to operating conditions capable of reliably
inducing a thermoelastic photoacoustic effect. Laser systems operated within this region
can therefore be described as functioning according to what is commonly referred to as
High-Intensity Laser Therapy (HILT).

Pink zone (near-threshold configurations).

The intermediate region includes laser configurations that do not exceed the 10 kPa
threshold in vitro but approach it closely. Given the substantially higher optical absorption
coefficients of biological tissues compared with water, these configurations may exceed
the photoacoustic threshold in vivo, depending on wavelength and tissue properties. This
zone represents a transitional regime in which small changes in laser parameters or tissue
absorption may determine whether a measurable photoacoustic contribution is present.

White zone (non-photoacoustic configurations).

The white region comprises high-power laser configurations that remain well below
the photoacoustic threshold under all tested conditions. These include pulsed, super-
pulsed, and chopped systems operating at various wavelengths and spot sizes, whose
parameter combinations do not allow the generation of thermoelastic pressure waves, even
under optimized settings. Such configurations remain dominated by photochemical and
photothermal interactions.

Importantly, this analysis does not propose a dichotomous opposition between HILT
and HPLT. Instead, it demonstrates that HILT represents a specific subset of high-power
laser therapy, defined by the emergence of a reproducible photoacoustic component when
particular combinations of peak power, pulse duration, pulse energy, and repetition rate
are employed.

A quantitative comparison further highlights the separation between photoacoustic-
capable and non-photoacoustic configurations:

Minimum Energy Dose associated with photoacoustic-capable configurations: 31.41 J/cm?;
Maximum Energy Dose observed in non-photoacoustic configurations: 1.28 J/cm?;
Relative difference (A): +2457%;

Separation between regimes: 1.39 orders of magnitude (log scale).

These results support the concept that the ability to generate thermoelastic pressure
waves is not an intrinsic property of laser power alone but rather emerges from specific
parameter configurations within the broader class of high-power laser systems.
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4. Discussion

The findings of this study confirm that Pulse Energy Dose (PED, Equation (5)) is a
reliable and accessible tool for assessing a laser system’s ability to generate meaningful
photoacoustic effects. We propose PED as a simplified yet clinically practical alternative
to Equation (2) [26], which—although more precise in directly calculating photoacoustic
pressure—is often too complex for routine clinical application. For practical and clinical use,
Equation (5) can be expressed in an operational form that relies exclusively on parameters
that are either directly available on laser devices or commonly known in clinical practice:

Iy -«

f

where [, represents peak intensity [W/ cm?], « is the absorption coefficient [em™1], and

PED =

f is the pulse repetition frequency [Hz]. This operational formulation makes PED par-
ticularly suitable for clinical use, as it depends on parameters that clinicians can directly
set or readily retrieve, enabling a rapid and informed assessment of a laser system’s
photoacoustic potential.

It is important to note that the Pulse Energy Dose formulation is not specific to a single
wavelength, as wavelength dependence is inherently accounted for through the absorption
coefficient &, which is characteristic of each tissue-wavelength combination.

The proposed pressure threshold should not be interpreted as a necessary condition
for biological response but rather as a sufficient condition to ensure the emergence of a
robust and reproducible photoacoustic component under thermoelastic conditions.

It should be clarified that the binary distinction between low-level laser therapy (LLLT)
and higher-power laser systems was not introduced in this study but is well established
in the existing laser therapy nomenclature. The present work does not propose a new
dichotomy based on therapeutic efficacy. Rather, it addresses the internal heterogeneity
of high-power laser systems by demonstrating that, above the conventional LLLT range,
only a specific subset of lasers operated under defined pulsed conditions can generate ther-
moelastic pressure waves. These systems are therefore identified as a distinct subcategory—
High-Intensity Laser Therapy (HILT)—within the broader class of high-power laser therapy
(HPLT). This classification is based on the emergence of a photoacoustic mechanism, not
on a presumed superiority of clinical outcomes, and explicitly acknowledges that other
high-power systems may still produce meaningful photochemical and photothermal effects
without generating pressure waves.

Below this threshold, photobiomodulation may still yield excellent therapeutic out-
comes, but these effects are driven by photochemical rather than by photoacoustic processes.
The present framework does not question the efficacy of PBM or of photothermal treat-
ments but specifically delineates the conditions under which photoacoustic stimulation
becomes a distinct and dominant physical mechanism. Although higher average power is
commonly assumed to correlate with improved therapeutic outcomes, our results show
that not all High-Power Laser Therapy (HPLT) devices can produce effective pressure
waves, even when their nominal specifications appear similar. The analysis of various
systems underscores that peak power and pulse structure, not average power, are the key
determinants in defining a photoacoustic-capable HILT configuration.

For example, a 1064 nm pulsed laser operating at an average power of only 1.5 W but
delivering a peak power of 3000 W with a pulse duration of 100 us and a repetition rate of
5 Hz can generate pressure waves of approximately 150 kPa in water. Considering that the
optical absorption coefficient of skin is approximately one order of magnitude higher than
that of water, this corresponds to estimated in vivo pressure levels on the order of 1500 kPa,
as reported by Salomatina et al. [21]. In contrast, a 10 W pulsed 1064 nm laser with identical
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spot size (5 mm), but operating at 100 Hz and with a lower peak power of 1000 W, generates
only 7.5 kPa in water, well below the threshold needed for photoacoustic stimulation.

This comparison underscores a crucial aspect of HILT classification: power alone does
not determine whether a laser is likely to deliver a meaningful photoacoustic component
under thermoelastic conditions. Instead, the relationship between peak power, pulse
duration, and repetition frequency dictates whether a system can truly qualify as High-
Intensity Laser Therapy or if it remains in the category of High-Power Lasers without
significant photoacoustic effects.

At this stage, it is important to emphasize that the lack of clear mechanistic classifi-
cation has historically contributed to heterogeneous and sometimes difficult-to-interpret
results in the laser therapy literature. In studies labeled as HPLT, transient photoacoustic
components may occasionally be present but remain unrecognized or uncontrolled, while
conversely, a substantial portion of the literature referring to HILT includes laser systems
that, despite their nomenclature, do not generate measurable photoacoustic pressure waves.
This overlap does not invalidate prior findings but highlights the need for objective physical
criteria to distinguish photothermal, photochemical, and photoacoustic contributions. The
framework proposed in this study is specifically intended to reduce this ambiguity by
providing a transparent and reproducible method to identify when thermoelastic pressure
waves are reliably generated, thereby improving the interpretability and comparability of
both HPLT and HILT studies.

The generation of an acoustic pressure wave is not merely a technical parameter but
has fundamental biological relevance. From a cellular perspective, the mechanotransduc-
tive effects discussed in this study are not hypothetical but are grounded in well-established
molecular mechanisms extensively described in the literature on mechanical stimulation
and hypergravity. Mechanical forces in the range considered here are known to acti-
vate mechanosensitive ion channels, including stretch-activated calcium channels, Piezo
channels, and TRP family channels, leading to transient increases in intracellular Ca?*.
These signals are transmitted through the cytoskeleton via integrins and focal adhesion
complexes, activating downstream pathways such as MAPK/ERK and other mechanore-
sponsive signaling cascades that regulate gene expression, differentiation, and extracellular
matrix remodeling. Notably, the present study does not aim to identify novel molecular
pathways but rather to define the physical conditions under which these well-known
mechanotransductive mechanisms can be reliably engaged by laser-induced thermoelastic
pressure waves.

One of the primary reasons for inducing a pressure wave is to replicate the beneficial
effects observed in regenerative medicine through hypergravity models [13,14,22-25],
where mechanical stimuli have been shown to enhance cell differentiation, extracellular
matrix remodeling, and tissue regeneration. Studies on hypergravity have demonstrated
that pressures ranging from 10 kPa [22] to 800 kPa [33] significantly influence cellular
behavior, angiogenesis, and osteogenesis, reinforcing the idea that mechanotransduction
is a key driver of regenerative processes. In this context, HILT acts as a non-invasive
alternative to mechanical stimulation, delivering energy in a way that mimics the effects
of hypergravity at the cellular level. It is also important to emphasize that the cellular
stimulation protocols used in hypergravity studies are typically acute and time-limited,
with exposure durations ranging from a few minutes to tens of minutes, rather than chronic
or sustained loading. This temporal profile closely mirrors the duration of a standard
HILT treatment session, which is likewise delivered over minutes through a sequence of
transient mechanical stimuli. Therefore, the mechanotransductive responses described
in hypergravity models are directly comparable, in terms of exposure time and stimulus
nature, to those induced by HILT-generated thermoelastic pressure waves. Importantly, the
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mechanotransductive framework discussed here refers to acute, time-limited mechanical
stimulation, comparable in duration to standard HILT treatment sessions, rather than to
chronic loading conditions.

Beyond its role in mechanotransduction, the ability of HILT to generate pressure waves
carries additional biological significance. Unlike light, which is rapidly absorbed and scat-
tered within the first few millimeters of tissue, the thermoelastic pressure waves generated
by HILT exhibit characteristic frequency components in the kilohertz range and can there-
fore penetrate several centimeters into biological tissues, experiencing substantially lower
attenuation than conventional megahertz ultrasound, particularly in heterogeneous soft tis-
sues. From a biological perspective, it is important to distinguish between effects mediated
by light and those mediated by pressure waves. Low-level lasers primarily induce photo-
chemical and photothermal responses in superficial tissues, improving microcirculation,
neural modulation, and cellular metabolism, but remain constrained by the physical limits
of light penetration. In contrast, the thermoelastic pressure waves generated by HILT prop-
agate into deeper tissues and stimulate cellular responses through mechanotransductive
pathways. In this context, low-level laser stimulation does not overlap with photoacoustic
stimulation but rather improves the biological boundary conditions under which deep
mechanical stimulation can be most effectively expressed.

Another critical aspect of HILT-induced pressure waves is their temporal sequence
in tissue interaction. Light energy is deposited first, rapidly giving rise to a pressure
wave through thermoelastic expansion, while thermal diffusion develops on a longer
timescale. This chronological order is fundamental because each of these energy forms
contributes distinct biological effects. Photochemical effects, as previously described in
the introduction, trigger metabolic and biochemical responses through Cytochrome C
oxidase activation, leading to increased ATP production and reactive oxygen species (ROS)
modulation [2,4]. Photothermal effects, which dominate in HPLT systems, induce con-
trolled heating that can enhance vascularization and collagen remodeling. However, as
shown by Cronshaw et al. [6] when not properly regulated, elevated tissue temperatures
may lead to protein denaturation, mitochondrial dysfunction, and metabolic stress, un-
derscoring the importance of precise dose and beam control in therapeutic applications.
Moreover, recent experimental findings support this need for dosage control. In a 2025
in vitro study, Sleep et al. [4] demonstrated in MG-63 osteoblasts that continuous-wave
photobiomodulation using multi-wavelength LEDs (700, 850, and 980 nm) significantly
enhanced mitochondrial respiration and osteogenic gene expression at moderate doses
(5.3]/cm?). Taken together, these considerations highlight that photothermal stimulation
remains biologically beneficial only within well-controlled exposure conditions, a principle
that is consistent with clinical dermatological observations [37] showing that cumulative
local heat exposure, even below burn threshold, can lead to cutaneous alterations. This
clinical awareness is reflected in the prudential strategies adopted in high-power laser
practice to limit sustained local heating during repeated or high-duty-cycle exposures. In
high-power laser therapy, safety at elevated duty cycles is commonly ensured by increasing
the spot size of the handpiece, thereby distributing energy over a larger tissue area. At
high duty cycles, this geometric strategy is often necessary to prevent excessive thermal
accumulation, since limited off-times restrict heat dissipation between pulses. While this
approach effectively reduces local thermal load and allows treatment of broader regions,
it also leads to a quadratic reduction in power density and peak intensity, since these
parameters scale inversely with the square of the spot diameter. As a direct consequence,
enlarging the spot size progressively shifts high-power laser configurations away from
the photoacoustic regime, unless average power is increased proportionally. For example,
doubling the spot diameter requires approximately a fourfold increase in average power to
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preserve the same peak intensity conditions. This geometrical constraint highlights why
many clinically safe high-power laser systems, despite operating at elevated average pow-
ers, remain intrinsically incapable of generating reproducible thermoelastic pressure waves
and instead act predominantly through photochemical and photothermal mechanisms.
These findings suggest that photoacoustic-capable HILT configurations uniquely add a
mechanical stimulation component that complements photochemical and photothermal
effects, thereby extending the range of biological responses achievable within high-power
laser therapy. This synergy between photochemical, photothermal, and photoacoustic
interactions explains why photoacoustic-capable HILT configurations represent a distinct
mechanistic subset within high-power laser therapy, rather than a simple extension of
conventional photothermal or photobiomodulation-based approaches.

The concept of thermoelasticity, first defined by Niemz [28], further reinforces the dis-
tinct nature of HILT. A photoacoustic-capable HILT configuration operates strictly within
the thermoelastic regime, where the energy delivered is sufficient to generate a pressure
wave but does not reach the threshold for photodisruptive or ablative effects. If a laser ex-
ceeds the thermoelastic limit, it transitions into the photodisruptive domain, characterized
by excessive pressure waves that can fragment tissue rather than stimulate regenerative re-
sponses. This study confirms that HILT remains within the safe and effective thermoelastic
range, ensuring that mechanical stimulation occurs without causing structural damage.

A crucial factor in maintaining this balance is the T-off period, or the resting time
between laser pulses. Because thermal energy dissipates slowly, excessive repetition
rates risk accumulating heat and shifting the system from thermoelasticity to a purely
photothermal mode. HILT systems mitigate this by employing low repetition frequencies
(5-30 Hz), particularly when high-energy pulses are used. This controlled pulse structuring
ensures that the desired photoacoustic effects occur while preventing thermal damage.

The results of this study also demonstrate a strong correlation between Pulse
Energy Dose (PED, Equation (5)) and the pressure wave amplitude calculated using
Equation (2) [26], confirming that PED is a reliable surrogate for determining a laser’s
ability to generate effective photoacoustic stimulation.

This was quantitatively confirmed in our correlation analysis (Table 5), where the
relationship between PED and pressure wave amplitude showed a statistically significant
correlation (p < 0.0001). This supports the proportionality between the two parameters,
with a conversion factor of approximately 2.888 across different surgical laser settings.

A similar result was obtained for therapeutic lasers (Table 7), confirming that PED can
reliably predict pressure wave amplitude in both clinical and experimental contexts.

Although Equation (2) provides a precise estimation of photoacoustic pressure waves,
its complexity limits clinical usability. Pulse Energy Dose (PED, Equation (5)) simplifies
this evaluation, making it accessible to clinicians and operators who require a straightfor-
ward method to determine whether a laser system qualifies as a photoacoustic-capable
HILT configuration.

Beyond theoretical validation, clinical cases further reinforce the significance of HILT
in regenerative applications. Temporomandibular joint (TM]) therapy, for instance, has
demonstrated significant improvement in pain reduction and joint function when treated
with photoacoustic-capable HILT configurations, with pressure wave levels exceeding
50 kPa. Similarly, bone healing in post-extraction sites and surgical palatal expansion
cases reveals accelerated osteogenesis and improved tissue regeneration, likely due to the
combination of photochemical, photothermal, and photoacoustic effects. Importantly, the
pressure wave values calculated in vitro are consistently lower than those expected in vivo,
as biological tissues have significantly higher absorption coefficients than water [21], lead-
ing to even greater mechanical stimulation under clinical conditions.
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These findings highlight the necessity of establishing precise classification criteria
for HILT.

Moreover, these findings are consistent across both surgical and therapeutic laser
categories. As shown in Table 7, PED proves to be an excellent predictor of pressure wave
amplitude even for therapeutic lasers, further supporting its clinical relevance as a universal
evaluation metric.

This predictive capacity is particularly significant when evaluating thresholds for
photoacoustic stimulation. In vitro, where water is the predominant absorber, a minimum
pressure wave amplitude of 10 kPa is typically required to trigger mechanotransduction.
However, in vivo, due to the significantly higher absorption coefficients of biological tissues,
sometimes up to an order of magnitude greater, as reported by Salomatina et al. [21], even
devices that fall within the pink zone of the reference tables can exceed this 10 kPa threshold.
Conversely, lasers classified in the white zone appear insufficient to generate such pressure
waves, even under in vivo conditions, and should therefore be more accurately categorized
as High-Power Laser Therapy (HPLT) systems, not HILT.

To determine the upper boundary of safe photoacoustic stimulation, we referenced
Niemz'’s classification [28] of the thermoelastic regime, defined by energy fluence values
ranging from 1 J/cm? to 1000 J/cm?. Since our analysis emphasizes biological safety
rather than technological limits, this range was adopted as the operational framework for
identifying safe and effective HILT use.

These results enable a clear distinction between different operating regimes within
high-power laser systems. Despite variations in emission modes (pulsed, superpulsed,
or chopped), configurations located in the white zone of Table 5 remain well below the
10 kPa photoacoustic threshold and do not generate reproducible thermoelastic pressure
waves under the tested conditions. The observed 1.39 orders-of-magnitude gap between
configurations located in the green zone and those in the white zone of Table 5 highlights
a clear separation in operating regimes. Configurations in the white zone remain far
from the photoacoustic threshold and cannot be considered photoacoustic-capable HILT
configurations, as they fail to generate reproducible thermoelastic pressure waves.

Based on the results of this study, laser configurations falling within the green zone
must meet the following requirements:

- PED >30]/cm? in vitro (or > 3.7 J/cm? in vivo)

- Pressure wave amplitude > 10 kPa

- Peak power in the kW range

- Optimized pulse structure with controlled t-on and t-off

This classification ensures that only lasers capable of generating significant photoacous-
tic effects are labeled as HILT, preventing the widespread misclassification of high-power
lasers that lack true regenerative capabilities.

5. Conclusions

This study establishes a clear and objective framework for classifying High-Intensity
Laser Therapy (HILT) systems by introducing Pulse Energy Dose (PED) as a practical
and clinically relevant tool. The findings demonstrate that PED correlates strongly with a
laser’s ability to generate photoacoustic effects, offering a simplified yet accurate metric for
identifying laser configurations capable of operating within the thermoelastic regime, under
which reproducible photoacoustic stimulation can occur. It should be emphasized that this
framework does not challenge the well-established efficacy of photobiomodulation; rather,
it delineates the physical conditions under which photoacoustic stimulation emerges as an
additional and independent mechanism, complementing photochemical and photothermal
effects. As wavelength dependence is intrinsically embedded in the absorption coefficient,
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PED can be consistently applied across different laser wavelengths, supporting its use as a
general and clinically relevant evaluation metric rather than a wavelength-specific model.

Importantly, the proposed framework refines the classification of high-power laser
systems by identifying HILT as a specific mechanistic subset within HPLT, rather than
introducing a new binary therapeutic categorization.

The study accomplishes three key objectives. Firstly, it validates PED as a reliable tool
for distinguishing photoacoustic-capable HILT configurations from conventional High-
Power Laser Therapy (HPLT) devices, demonstrating that only lasers with PED > 30]/ cm?
in vitro (or >3.7 J/cm? in vivo) consistently generate pressure waves exceeding 10 kPa, a
threshold identified as sufficient to engage mechanotransductive responses under the inves-
tigated conditions. Secondly, it defines the operational boundaries within which HILT sys-
tems remain within the thermoelastic regime, ensuring that these lasers remain within the
thermoelastic window and avoid transitioning into ablative or disruptive regimes, in accor-
dance with Niemz's classification [28] of laser-tissue interactions. Thirdly, it compares high-
power laser systems on the basis of objective physical parameters, emphasizing the role of
peak power, pulse structure, and duty cycle in determining photoacoustic performance.

From a clinical perspective, these findings support a more informed evaluation of
high-power laser systems by emphasizing the relevance of PED values and pressure wave
generation as objective physical parameters. The case studies presented further support to
this distinction, illustrating the potential clinical relevance of photoacoustic-capable HILT
configurations in regenerative applications, including bone healing, soft tissue repair, and
joint therapy.

Future research should focus on refining treatment protocols for different tissue types,
optimizing pulse structures for enhanced photoacoustic stimulation, and exploring long-
term cellular and extracellular responses to HILT. Furthermore, the standardization of PED
metrics and pressure wave classifications will be essential to ensure consistency across
clinical applications and improve the overall efficacy of HILT-based therapies.

In conclusion, PED emerges as a critical parameter for identifying photoacoustic-
capable HILT configurations. By defining both biophysical and biological thresholds for
effective operation, this study lays the groundwork for a more objective and mechanism-
based classification of high-power laser systems in therapeutic and regenerative contexts.
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