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Abstract
Background: Despite significant advances in surgery over the last century, most surgical
approaches necessitate cold steel instruments under the control of the surgeon’s hand.
Lasers provide a means of precise surgical ablation, but their clinical use has remained
limited due to undesired thermal, free-radical producing, or mechanical effects causing
significant cellular insult. A novel ultrafast, non-ionizing, picosecond infrared laser
(PIRL) system has recently been developed, capable in theory of ablation with negligible
thermal or mechanical collateral damage.
Objective: The purpose of this work is to provide the reader with an overview of laser-
tissue interactions and laser ablation mechanisms in addition to presenting novel
experimental data comparing heat generation during ablation of ex vivo porcine skin and
chicken bone by conventional microsecond pulsed erbium doped yttrium aluminum
garnet (Er:YAG) laser versus PIRL.
Methods: Ex vivo porcine skin and chicken bone was ablated with both Er:YAG laser
and PIRL at fluence levels above ablation threshold. Temperature rises were determined
using infrared thermography and compared using appropriate statistical methods.
Ablation craters were assessed by means of digital microscopy.
Results: Mean peak rise in skin surface temperature for the Er:YAG laser and PIRL was
15.0°C and 1.68°C, respectively (p <0.001). Mean peak rise in bone temperature for the
Er:YAG laser and PIRL was 12.99°C and 1.56°C, respectively (p < 0.008). Ablation
craters appeared similar on digital microscopy.
Conclusions: Types of laser ablation include photothermal, photochemical, plasma-

mediated, and photomechanical. Material removal resulting from microsecond pulsed



Er:-YAG laser and PIRL ablation occurs via photothermal vaporization, enhanced by
photomechanical effects. The PIRL produces efficient tissue ablation with negligible heat
generation due to thermal and acoustic confinement conditions that enhance secondary

photomechanical material removal.



Résumé

Introduction: Malgré les avancées significatives dans la chirurgie, les approches
chirurgicales nécessitent souvent des instruments en acier froid sous le contrdle de la
main du chirurgien. Les lasers offrent un moyen de I'ablation chirurgicale précise, mais
leur utilisation en chirurgie reste limitée en raison des effets indésirables thermiques,
ionisants, ou mécaniques causant d’insultes cellulaires. Un systéme laser pulsé ultra-
rapide, non-ionisant, infrarouge picoseconde (PIRL) a récemment été développé qui est
capable, en théorie, de I'ablation avec les effets négligeables thermiques et acoustiques.
Objectif: Le but de ce travail est de fournir au lecteur une vue d'ensemble interactions
laser-tissus et des mécanismes d'ablation par laser, en plus de présenter de nouvelles
données expérimentales comparant la production de chaleur lors de I'ablation de la peau
de porc et I’os de poulet ex vivo par laser pulsé microseconde a I'erbium dopé d'yttrium
aluminium garnet (Er: YAG) par rapport au PIRL.

Meéthodes: La peau de porc et I’os de poulet ex vivo a été ablatée par laser Er :YAG et
par PIRL aux niveaux de fluence dessus du seuil d'ablation. Les hausses de température
ont été mesurées et comparées a l'aide de méthodes statistiques appropriées. Crateres
d'ablation ont été évalués a l'aide de la microscopie numérique.

Résultats : Les hausses moyennes des pics de température sur la surface de la peau de
cochon pendant I’ablation de laser Er:YAG et PIRL étaient de 15,0°C et de 1,68°C,
respectivement (p <0,001). Les hausses moyennes des pics de température osseuse pour
I’ablation avec le laser Er: YAG et PIRL était 12,99°C et 1,56°C, respectivement (p

<0,008). Cratéres d'ablation semblaient similaires a I'aide de la microscopie numérique.



Vi

Conclusions : Les types d'ablation par laser comprennent photochimique,
photomécanique, plasma-médiée, et photomecaniques. L’enlévement de matiere résultant
de I’ablation par laser pulsé microseconde Er: YAG et par PIRL se produit par voie
photothermique, renforcee par des effets secondaire photomeécaniques. Le PIRL produit
I’ablation du tissu efficace en raison des conditions de confinement thermique et
acoustique qui augmentent I'enlevement de matiere par mécanisme secondaire

photomécanique.
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1 Introduction

1.1 Rationale

Despite significant advances in surgery over the last century, most surgical
approaches necessitate rather basic cold steel instruments under the control of the
surgeon’s hand. It has been well documented that scalpels, saws, and drills cause
significant tissue trauma through shearing forces, vibrations, or thermal injury [1, 2]. The
resultant tissue inflammation is responsible for side effects and complications such as
scarring, poor wound, and non-union and failure of osseointegration in osseous tissue [3].
Furthermore, due to their inherent imprecision and human operation, the use of these
crude instruments is not without considerable risk of inadvertent tissue injury [4].

Advances in photonics and laser design brought great promise for advancing
precision in surgical tissue manipulation. Although proven precise, conventional lasers
have since been shown to cause significant tissue injury through thermal and acoustic
shockwave effects [5]. As such, their clinical use remains limited to a few specific
clinical applications, primarily in the fields of ophthalmology, dermatology, and
otorhinolaryngology [6].

More recently, a new generation of pulsed lasers has been engineered. These
‘ultrafast’ lasers are able to deposit concentrated packets of photons in pulses on the order
of trillionths of a second or less [7]. With the capability of depositing energy in a time
frame quicker than both the thermal and stress relaxation times of tissue, deleterious
thermal and acoustic transient effects on the tissue are negated. A novel ultrafast
picosecond infrared laser (PIRL) system has recently been developed [8]. In providing a
means to precisely cut both soft and osseous tissue without damaging shearing forces,

heat or vibrations, this technology has immense potential in advancing the techniques and



healing outcomes across a vast array of surgical fields. As this technology is currently in
its infancy, data confirming its clinical potential is limited. To date, no study has directly
measured and confirmed negligible tissue heating during active ablation using the PIRL
system. The current study seeks to assess the degree of peripheral tissue heating during

PIRL ablation by direct measurement using infrared thermal imaging.

1.2 Objectives and hypothesis

The objective of this research is to measure and compare real-time heating of
tissue during ablation of ex vivo soft tissue and bone using a PIRL versus conventional
microsecond pulsed Er:YAG laser. It is hypothesized that heating as measured by
infrared thermography will be significantly lower during soft and hard tissue ablation
using a PIRL in comparison to ablation using a microsecond Er:YAG laser. The null
hypothesis (No) for both cases is that heat generation will be equivalent or greater using a

PIRL in comparison to a microsecond Er:YAG laser.



2 Review of relevant literature

2.1 Tissue trauma from conventional surgical instrumentation

Conventional surgical approaches to both soft and densely calcified tissue are
associated with significant tissue trauma. The mechanism of soft tissue incision using a
surgical scalpel or scissors involves the application of a shearing force to the target tissue
until deformation reaches a level sufficient to overcome the ultimate tensile strength
(UTS) of the tissue matrix, resulting in fracture and tissue separation [9]. This force,
applied in a perpendicular plane relative to the tissue fibers, is distributed over the area of
the blade in contact with the tissue. Tissue composition determines what minimal
requirement of force per unit area, or pressure, is required for shearing to occur. Once
shearing occurs in a tissue, any additional applied cutting force is directed into
translational motion of the blade and subsequent shearing of deeper layers. The effects of
the applied shearing force are not, however, limited only to the area in contact with blade.
As the cutting force is applied, energy disperses radially outward from the contact area.
Even sharp surgical scalpel blades, whose cutting edge thickness is typically on the order
of 1 um [10], cause disruption of the extracellular matrix up to 400 um away [11]. The
resultant induced inflammatory response leads to macrophage influx, tumour growth
factor (TGF) B signaling, fibroblast proliferation, and excess deposition of collagen
leading to scar formation [12]. The search continues for the ideal replacement for the
surgical scalpel. Previously reported methods include conventional lasers, ultrasonic
devices, and various types of electrocautery [10, 12-17]. Despite significant interest, no
novel technology has proven significantly superior to the conventional surgical scalpel in
reducing scarring to warrant widespread use. Scarring resulting from surgical incisions

remains a significant cosmetic and functional issue across all realms of surgery.



The manipulation of osseous tissues remains an even cruder task in surgery,
typically requiring mechanical saws, burrs, and drills. In addition to their inherent
imprecision, these instruments generate significant vibrations and thermal damage [1, 2].
Osseous temperatures higher than 100 °C have been recorded during bone removal with
mechanical burrs despite the use of a liquid coolant [18]. Heating osseous tissue above
60 °C has been conclusively shown to inactivate alkaline phosphatase, interrupt blood
flow, and cause tissue necrosis [1, 19-21] leading to delayed tissue healing. In
reconstructive surgery involving osseous free flaps, delayed healing has the potential to
lead to disastrous consequences such as fibrous non-union [3]. In osseous drilling for
implantation of osseointegrated devices such as dental implants or bone anchored hearing
aids (BAHA), thermal damage can lead to failure of osseointegration [22]. Furthermore,
mechanical instruments carry significant risk of plunging injuries and collateral damage
to adjacent vital soft tissue structures [4]. In regions of dense critical anatomy such as the

head and neck, the risk of collateral damage is of particular concern.

2.2 Conventional lasers in surgery

Conventional lasers — what will be defined here as continuous wave (CW) and
pulsed lasers with pulse widths on the order of nanoseconds or longer — have been
extensively and advantageously used in specific soft tissue applications in
otolaryngology, ophthalmology, and dermatology for more than twenty-five years [23].
Some examples of their use include laryngeal tumour surgery, superficial cutaneous skin
lesion ablation, refractive corneal shaping, and photo-coagulation of vascular lesions.
Although initially promising, conventional lasers have not demonstrated significantly

improved scarring outcomes in surgical skin incisions to warrant their general use for this



purpose, primarily due to thermal injury and subsequent significant induction of
inflammation in the wound repair process [11, 14]. Furthermore, their use has proven
inferior over mechanical instruments where osseous manipulation is required;
conventional laser ablation of calcified material is much more time consuming when
compared to mechanical means [24] and results in even more heat spread and thermal
damage to surrounding tissues [25]. As a result, the use of conventional lasers for
manipulation of osseous tissue in surgery has been extremely limited [6]. Recently, a
newer generation of ‘ultrafast’ lasers have been developed [7]. As will be discussed,
these lasers interact with tissue in a fundamentally different way than conventional lasers

currently in clinical use.

2.3 Basic LASER physics
2.3.1. Properties of LASER light

LASER is an acronym for Light Amplification by Stimulated Emission of
Radiation. A laser consists of an excitable medium (solid, liquid, or gas) contained
between two mirrors, one which is completely reflective, and one which is partially
transmissive. First postulated by Einstein in 1917 [26], the first demonstration of a
functional laser in the visible range of light was by Maiman in 1960, using a ruby crystal
[27] as the active medium. ‘Stimulated emission’ is the term given to the emission of a
photon from an excited atom when it is stimulated by an incident photon released from a
similarly excited atom. The result is a stream of photons that are collimated,
monochromatic, and coherent. Collimation is the property by which laser light may
travel large distances without beam divergence. Monochromaticity of laser light occurs

as a direct consequence of the quantization of energy states within an excited atom or



molecule; stimulated emission within an excited laser medium occurs only for a specific
orbital energy level corresponding to a photon of fixed wavelength upon electronic
relaxation. Coherence refers to the property by which laser photons travel in phase with
each other, another direct consequence of stimulated emission and the wave nature of
light; it is this property of laser light which permits for the complex interference patterns

required for hologram generation [28].

2.3.2. Radiometric parameters
The duality theory of light that states that electromagnetic radiation exists as both

a wave and a particle (“‘photon’), with a discrete energy defined by

Qphoton = hv, Eq.2.1
where Qpnoton 1S the energy of the photon (radiant energy) typically expressed in units of
electron volts (eV) or Joules (J), h is the Planck constant (4.136 x 10™*> eV-s or 6.626 x
10** J-s), and v is the frequency of the electromagnetic wave in units of cycles per second
(s1). The electron volt is defined by the amount of energy it takes to move a single
electron across an electric potential difference of one volt, where

1eV =1.602x10"J. Eq. 2.2
The frequency and wavelength of an electromagnetic wave are inversely related where

A=clv, Eqg. 2.3
where A is the wavelength of light in units of length (m) and c is the speed of light (3.0 x
10® m/s in vacuum). Eq. 1 may be rewritten as

Qphoton = /1¢/ 4, Eq.2.4
illustrating the inverse relationship between the energy of a photon and its wavelength. It

is clear from Equation 2.4 that photons with short wavelengths (eg. ultraviolet, x-, and



gamma-ray) carry more energy than those with longer wavelengths (eg. infrared, micro-,
and radio-wave).

In any discussion concerning laser-material interactions, it is necessary to define
the parameters of laser power and irradiance. Laser power (P), also referred to as radiant
power, is the amount of laser energy delivered over time, and is typically defined in units

of Watts (Joules per second) using the formula

p==2 Eq. 2.5
where dQ is the amount of radiant energy over a given period dt. The radiant energy (dQ)
emitted by a monochromatic laser over a time period dt may be defined by

dQ = Np - Qphoton, Eq. 2.6
where N, is the number of photons emitted. Laser irradiance (l), also referred to as

radiant flux density, is the amount of laser power received per unit of surface area. Itis

typically defined in units of W/cm? using the formula

dpP
=<, Eq. 2.7

where dA is the area of interest, most typically the cross-sectional beam diameter at the
laser-material interface (usually circular with radius r and area 7).

Lasers may be operated in different modes. Lasers operating in continuous wave
(CW) mode emit an uninterrupted stream of photons, where the emitted power and
irradiance remains constant over time. Laser operating in pulsed modes emit
concentrated packets of photons, each pulse lasting a time z,, interspaced by much longer
periods without photon emission. The time profile of the energy rise of each pulse (on an
energy plot as a function of time) typically resembles a narrow Gaussian distribution; for

pulsed lasers, 7, is generally determined using the full width at half maximum (FWHM)



of the Gaussian peak. It is possible to define the energy contained in each pulse (Qp),
typically defined in Joules (J), by the formula

Qp=Np * Qpnoton, Eq.2.8
where Np is the number of photons per pulse. Q, may be easily measured using
commercially available energy meters. Laser fluence (¢), also called radiant exposure,
describes the amount of laser energy delivered in a laser pulse of time width t, to a

defined surface area. It is typically defined in units of J/cm?® using the formula

o= [71dt= [7"Tdt. Eq. 2.9

For a pulsed laser system having a pulse width z,, pulse energy Qp, and a typical

circular output beam with a cross-sectional Gaussian energy profile distribution of radius

r, calculation of peak fluence (¢p) may be determined by

20p
nr?’

p = Eqg. 2.10
where a factor of 2 is introduced to account for the peak intensity in the centre of the
Gaussian beam. (The other most common beam cross-sectional energy profile is “flat-
top’; in this case, the factor increase of 2 in the peak intensity is dropped). Similarly, the
peak irradiance (l,) for a pulsed laser system emitting a Gaussian beam may be readily

determined using

_ 20
b Eg.2.11
Peak power (P,) for such a system becomes
B, = % Eq. 2.12

Tp



For pulsed lasers, it is imperative to differentiate between average power (P) and peak
power (P,). Average power is determined using the time period between successive

pulses (zpp)

p, =2 Eq. 2.13

Ty
where 7y, >> 7, the difference becoming more pronounced the shorter the pulse width.
As a result, as demonstrated in Figure 2-1, pulsed lasers may be used to generate peak
power several orders of magnitude larger than CW laser systems. It is these peak values
that largely govern which type of laser-tissue interaction will occur. Outside of
ophthalmology, the majority of lasers in clinical use are limited to pulses on the order of

10 to 10°® s, capable of modest peak irradiance values. Newly developed ‘ultrafast’

(@)

Power (P)
o
1
S

b="F Time ()
(b) Tﬁ’
~A A &
AN\ X
Do_ —
P,>» P Time (©)

Figure 2-1: Continuous wave versus pulsed laser output modes. (a) Continuous wave
mode lasers emit a constant stream of photons; power (P) output is constant over time
(t), with peak power (B,) equal to average power (P) . (b) Pulsed mode lasers emit
concentrated bundles of photons in short pulses of time (z,) interspaced by much longer
pulse-to-pulse periods of time (zpp). As a result, very large values for P, are possible.
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lasers emit pulses with durations of 102 s (picoseconds) or 10™ s (femtoseconds), and
are hence may be used to generate much higher peak irradiance values. As will be
discussed, special laser-tissue interactions occur that may be utilized for tissue ablation at

such extremes of irradiance [28].

2.4 Mechanisms of laser-tissue interaction

2.4.1. Air-Tissue interface
Light incident on a tissue surface may be reflected, refracted, scattered,
transmitted, or absorbed (Figure 2-2). Most commonly, combinations of these occur to
varying degrees dependent primarily on the optical properties of the tissue — which
fluctuates within any given tissue volume due to inhomogeneity in the distribution of
organic, mineral and water content — and the wavelength and intensity of the incident

light [28].

Reflection Refraction Scattering Transmission Absorption

Figure 2-2: Types of light-tissue interactions at the air-tissue interface. Reflection,
refraction, scattering, transmission, absorption, or combinations of these may occur.

2.4.2. Photon absorption
Photon absorption is the process through which the intensity of an electromagnetic

wave travelling through a given medium is attenuated; and involves photon energy
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transfer to the medium’s constituent molecules. This energy transfer typically occurs via
photon absorption into a molecular vibration or libration mode (visible, infrared and
longer wavelengths), absorption into a quantized electronic orbital level (visible,
ultraviolet and shorter wavelengths), or by collision with an unbound electron in a process
known as inverse Bremsstrahlung absorption. The latter may occur in metals or
semiconductors, or within a plasma cloud, causing an increase in the kinetic energy of
‘quasi-free’ electrons. Absorption of a photon into a quantized electron orbital level
(photochemical absorption) leads to elevation of the electron to a higher energy state. If a
photon of sufficient energy is absorbed, ionization and/or subsequent photochemical
reactions may occur. Otherwise, relaxation of the electron to its initial state usually
occurs by either radiative (fluorescence) or non-radiative (heat dissipation) decay [29].
Absorption of lower energy photons into molecular vibration or libration modes
(photothermal absorption) leads to a rapid increase in the amplitude of oscillation,
followed by relaxation through energy redistribution to the adjacent inter-molecular
network as heat [30]. Examples of such intra-molecular vibrations and libration modes
are shown in Figure 2-3 for water molecules, each mode corresponding to a particular
harmonic vibrational frequency. Of particular note is the asymmetrical stretch mode of
the O-H bond, which shows peak vibrational absorption at a frequency of 3400 cm™,
corresponding to a wavelength near 2.94 um. Note that in vibrational spectroscopy
wavelengths are converted into more easily managed wavenumbers, having units of
reciprocal centimeters (cm™). The spectroscopic wavenumber (%) represents the number

of wavelengths (or wave cycles) per cm, and is defined by
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bend x-y-z librations

Figure 2-3: Vibrational modes of water molecules. Stretching or bending of the oxygen-
hydrogen (O-H) bond or molecular librations in various planes may occur. (Oxygen —
red, hydrogen — white).

— 1
7= Eq. 2.14

where A is converted to units of cm.

2.4.3. Free radical production and ionization
In the case of tissue, photon induced radical production and ionization is of particular
concern, due to its mutagenic potential. Radicals (also called ‘free radicals’) are highly
reactive molecules possessing unbound electrons. Radical production results from
chemical bond cleavage, which may occur as a direct consequence of high energy photon
absorption, or secondary to extreme temperatures (> 1000°C) [31]. Such extreme
temperatures are commonly encountered in various forms of laser ablation of tissue, and
will be further discussed in a subsequent section. Direct cleavage of organic bonds may
be caused by photons having energies greater than 3.5 eV (ultraviolet or shorter

wavelengths) by photon absorption into a quantized molecular orbital. Table 2.1 lists
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dissociation energies for the most common chemical bonds found in biologic tissue,
together with the corresponding photon wavelengths.

lonization is the liberation of a bound electron from an atom or molecule. Similar
to free radical production, ionization may occur as a direct consequence of high energy
photon absorption or extreme temperatures in a process known as thermionic emission.
lonization requires significantly more energy, either single photons with energies greater
than 10 eV (corresponding wavelengths shorter than 125 nm), or extreme temperatures in
excess of several thousand degrees Celcius [32]. Although there currently exist no
medical lasers with photon energies greater than 6.4 eV (which corresponds to the 193
nm output of the argon fluoride ArF laser used in ophthalmology), lower energy photon
absorption may directly lead to ionization via multiphoton absorption. Multiphoton
absorption is the process whereby multiple photons are simultaneously absorbed into an
electronic orbital level, acting as a single higher energy photon. It requires extreme
irradiance levels; such extremes are possible with ultrafast picosecond and femtosecond
laser pulses. For example, irradiance on the order of 10 W/cm? is required for
multiphoton absorption in water at a fluence of 10 J/cm? [33], corresponding to a 100 ps
pulse width laser. Nanosecond pulses may also lead to tissue ionization via the
generation of confined extreme temperatures, which leads to thermionic emission of an
electron. Multiphoton absorption and thermionic emission ionization are the initiating
events of plasma mediated ablation, which will be discussed in further detail in section

2.5.1.
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Table 2.1: Dissociation energies and corresponding photon wavelengths required for
dissociation of common organic chemical bonds (data according to Pauling [34]).

Bond Dissociation Corresponding maximum photon wavelength
energy (eV) required for photoionization (nm)
C=0 7.1 175
C=C 6.4 194
O-H 4.8 258
C-H 4.3 290
N-H 4.1 302
C-0O 3.6 344
C-C 3.6 344

2.4.4. Absorption coefficient and optical penetration depth

The degree of absorption of light by a medium depends on the material properties
of the medium (such as the type and concentration of atoms and molecules, as well as the
material temperature), in addition to the wavelength and intensity of light. Most materials
demonstrate selective absorption; water for example absorbs strongly in the infrared but
weakly in the visible region of the electromagnetic spectrum. Any discussion of light-
tissue interactions requires definition of the absorption coefficient (u,), sometimes called
the attenuation coefficient. It is defined according to the Beer-Lambert law, which may

be expressed as

I(z) = I, e MaZ, Eq. 2.15
where z denotes the distance along the optical axis from the initial point of light-tissue
contact, 1(z) is the intensity at a given distance z, and |, is the incident intensity. Figure 2-
4 illustrates absorption coefficients for common tissue constituents at low fluence. In the
ultraviolet spectrum, proteins and nucleic acids are the primary tissue absorbers, while in
the visible range hemoglobin predominates. A narrow window exists in the near infrared

(NIR) region where absorption is weak and light may deeply penetrate tissue. This
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Figure 2-4: Log-log plot of absorption coefficients for various tissue chromophores at

nominal fluence levels as a function of wavelength. A peak in absorbance is seen at 2.94
um for water (*), corresponding to the asymmetric stretch at 3400 cm™. Data for water
from Segelstein and Querry [35], hemoglobin from Prahl and Schenkman [36, 37], fat
from van Veen et al. [38], stratum corneum from Prahl [37], and cornea from Pettit and
Ediger [39].

‘optical window’ is often exploited in photodynamic therapy (PDT), where NIR light is
used to activate photosensitive chemotherapeutic compounds that have accumulated in
tumour cells following exogenous administration [28]. In the mid-infrared region, water
governs optical absorption, with a peak absorption seen at 2.94 um of approximately

12000 cm™ at nominal fluence levels. As described above, this peak corresponds to the

asymmetric stretch of the O-H bonds of water molecules. It is important to note however,
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the dependence of absorption on light intensity. Above fluence levels on the order of 0.1
Jlcm?, water demonstrates exponentially decreasing absorption. A more detailed
description of this phenomenon is beyond the scope of this work; the reader is directed to
the excellent review by Vogel et al. [5].

As light propagates through a medium, its energy density at a given location is
governed by the optical absorption of the medium and the degree of scattering. In the
case where tissue absorption is significantly greater than tissue scattering (which occurs
for most wavelengths below 450 nm and above 1.8 um), it is possible to define the optical
penetration depth L (also called the optical absorption length), which corresponds to a
given absorption coefficient U, [5, 40]. The optical penetration depth is the distance over
which the intensity of light incident on a surface has dropped to 1/e, or 37% of its incident

value. Using Equation 2.14 with z = L, one obtains

I e
1

For example, for a wavelength of 2.94 um at nominal fluence the optical penetration of
water — the primary absorbing constituent of most tissues at this wavelength — is
approximately 0.8 um. It is important to note that at higher fluence levels the penetration
depth increases non-linearly due to decreasing absorption.

By multiplying the optical penetration depth L (in cm) with the laser fluence &,
one obtains the volumetric energy density (in W/cm?). It is this property (and, more
specifically, its rate of change) which principally governs the mechanism of pulsed laser

ablation of tissue [5].
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2.4.5. Thermal confinement
Another important concept in laser-tissue interactions is that of the time dependent
thermal penetration depth Z,, which approximates the rate of vertical heat spread in an

absorbing medium, and is given by

Zn(t) ~ VAKE, Eq.2.17

where K is the thermal diffusivity of the absorbing medium [28], most commonly water in
many laser-tissue interactions where K = 1.4 x 10" m%s. Figure 2-5 plots thermal
penetration (Zy,) as a function of time for water. Of note, heat penetrates to a depth of

only 0.7 um within 1 ps in water.

It is possible to define another variable known as the thermal relaxation time (z)
of an absorbing medium by combining the optical penetration depth as given by Equation

2.15 with the thermal penetration depth as given by Equation 2.16 [41]. =, refers to the
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Figure 2-5: Log-log plot of the thermal penetration depth in water versus time.
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time required for the thermal energy within the excited target volume to fall to 1/e or 37%

of its incident value and is given by

abs’ Eq. 2.18

where d ;. either the beam diameter, or the optical penetration depth (L), whichever is
smaller [42]. Loss of thermal energy from the target volume occurs due to diffusive
collisional energy exchange with the surrounding tissue [30], potentially resulting in
thermal injury to the non-ablated region. Such exchange of thermal energy may be
largely avoided if material ejection occurs on a more rapid timescale than thermal
diffusion. In this case, thermalized photon energy exits the tissue in the form of kinetic
energy of the ejected particulate.

It is important to note that ty, like L, is dependent on the absorbing medium, the
wavelength of light being used, and the intensity of the light. The thermal relaxation time
Is an important concept in pulse d-laser interaction with tissue; if the pulse width 1,
satisfies the condition t, < 11y, then the criterion for what is called thermal confinement is
met. In this situation, all of the pulse energy Q, is delivered to the tissue before enough
time elapses for the energy to begin to diffuse out of the irradiated volume to any
significant degree. In the case of tissue ablation, thermal confinement maximizes the
temperature rise in the target volume, improving ablation efficiency and minimizing
thermal injury to adjacent tissues [42], as discussed above. It is critical to note, however,
that even when thermal confinement is met significant adjacent tissue heating may still
occur. Such heating is principally dependent on the repetition rate of pulses, the
efficiency of the ablation process, and the irradiance level being used. This will be

further discussed in a subsequent section. Figure 2-6 demonstrates typical thermal
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relaxation times for water as a function of incident wavelength. For example, at a
wavelength of 10.6 pum, corresponding to CO, laser output, the thermal relaxation time of
water (the chief absorbing molecule) is on the order of 700 ps. The shortest thermal
relaxation time for water at wavelengths above 190 nm (shorter wavelengths may cause
ionization) is approximately 1us (occurring for wavelengths of 2.94 um). Hence, where
water is the primary chromophore, ablation with lasers having pulse widths < 1us will

always satisfy the requirement for thermal confinement.
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Figure 2-6: Log-log plot of thermal relaxation times for water plotted as a function of
wavelength. The shortest relaxation time for non-ionizing wavelengths is 1 ps (*), and
occurs at 2.94 um.
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2.4.6. Thermoelastic stress confinement

Short-pulsed laser irradiation of tissue results in rapid heating of a confined
volume, which generates considerable thermoelastic stress. This stress quickly leads to
volume expansion and the subsequent formation of acoustic transients that propagate
away from the target volume, in a fashion similar to, yet distinct from thermal spread [42,
43] . These acoustic transients — typically in the MHz range for nanosecond or longer
pulse widths — may lead to significant mechanical injury to distant tissues [8]. As will be
discussed, they may also play an important role in tissue ablation.

In a fashion similar to the attainment of thermal confinement in short-pulse laser-
tissue interactions, it is possible to define a condition where all the pulse energy Qp is
deposited in the tissue before enough time elapses for volume expansion, limiting the
spread of thermoelastic energy out of the target volume. This condition is known as
stress or inertial confinement, and occurs when the pulse width is shorter than the

characteristic acoustic relaxation time T, Which is given by

Too = 205 Eq. 2.19

Vs
where dgps IS as above, and vs is the speed of sound in the tissue [42]. In addition to its
variation with vs, t,c varies with the wavelength dependent absorption coefficient, which
itself varies with the intensity of light. t.cis several orders of magnitude smaller than Ty,
At nominal fluence levels (under 0.1 J/cm?), 1, is approximately 500 ps in soft tissues
(calculated using the speed of sound in water at ~1500 m/s) and 200 ps in densely
calcified tissues such as bone (calculated using the speed of sound in bone of ~3800 m/s).
At higher fluence levels (such as those typically required for tissue ablation) the condition

for stress confinement is typically satisfied when t, < 1 ns, due to the non-linearity of
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absorption at higher fluence as discussed above [8]. In addition to thermoelastic stress,
short-pulse laser irradiation of tissue may produce shock waves and acoustic transients
through other mechanisms, which include plasma cloud expansion and cavitation. These
mechanisms and their implications on tissue ablation will be discussed in the following

sections.

2.5 Mechanisms of pulsed laser ablation of tissue

2.5.1. Primary ablation mechanisms

Laser ablation is the creation of a tissue cavity or incision via removal of tissue by
photothermal, photochemical, plasma-mediated or photomechanical means. Ablation
requires the breakage of intermolecular or intramolecular bonds, which is accomplished
via vaporization, molecular fragmentation, or void formation. Distinct primary and
secondary ablation mechanisms exist, which, in addition to the target tissue, are chiefly
governed by the photon energy (wavelength), pulse width (tp), and irradiance (I) used.
These variables also determine the pathway of photon absorption into vibrational,
electronic, or optical breakdown states. Ablation mechanisms commonly overlap and are
often synergistic.

Photothermal ablation is the process whereby photon absorption into vibrational
states leads to thermalization causing vaporization and material removal. Primary
photothermal ablation is achieved using infrared and visible photons, with the most
common primary tissue chromophore being water or hemoglobin respectively.
Vaporization may occur through normal boiling, confined boiling, or phase explosion [5];
each forms involves vapor bubble nucleation and growth. The type of vaporization that

occurs depends principally on the rate of volumetric energy density (W/cm®) deposition in
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the tissue, which is a function of the optical absorption length (L) and the irradiance (1).
Normal boiling is the process where the absorbing chromophore is heated to its boiling
temperature (i.e. 100°C for water at atmospheric pressure), where it then undergoes a
phase change to the gaseous state through vapor bubble growth. A relatively slow
process, normal boiling is one of the principle mechanisms for photothermal ablation of
tissue using long pulse and CW lasers. As heat is not confined to the target volume
during irradiation, significant amounts of total energy are required to drive the ablation
process. Heat spread away from the target volume is significant, leading to significant
thermal injury to surrounding tissue (although in surgery this may be of benefit in terms
of coagulation effects). Confined boiling is the process whereby the absorbing
chromophore is heated to temperatures above the standard atmospheric boiling point due
to mechanical constraint of the surrounding extracellular matrix (ECM) [5, 44, 45].
Superheating occurs as a result of the increased vapor bubble pressure necessary to
overcome the tensile strain of the ECM. Once pressure buildup is sufficient to overcome
the ultimate tensile strength (UTS), explosive material ejection occurs. However, if the
critical pressure threshold for overcoming the UTS is not reached — the ablation threshold
— thermal relaxation occurs with heat distribution away from the target volume. Confined
boiling plays a pivotal role in photothermal ablation mechanisms for CW and long pulse
lasers, as well as short pulse (i.e. microsecond and nanosecond) lasers [46]. The degree
of thermal injury to adjacent tissue depends principally on the rate of energy deposition
(i.e. the pulse width), with longer pulses resulting in slower temperature rises and
subsequently increased heat spread away from the target volume during ablation. Phase
explosions occur when the rate of energy deposition into a tissue chromophore exceeds

the rate of vapor bubble growth leading to normal boiling. The chromophore undergoes
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superheating, until it becomes unstable at a point known at the spinodal temperature. At
this point a phase explosion ensues if pressure buildup is sufficient to overcome the UTS
of the surrounding ECM, with ejection of mixed phase vapor and liquid droplets. If the
pressure is not sufficient to overcome the UTS, the process continues along the same
pathway as confined boiling. Examples of common lasers in clinical use that ablate
primarily by photothermal means include the carbon dioxide (CO,), potassium titanyl
phosphate (KTP), and yttrium aluminum garnet (YAG) family of lasers.

Photochemical ablation involves photon absorption into quantized electronic
states leading to intramolecular bond fracture and molecular fragmentation. In 1982, it
was first noted that nanosecond pulses of far ultraviolet light (meeting conditions for
thermal confinement) could result in precision etching of polymer surfaces without
collateral thermal or mechanical injury [47, 48]. This observation quickly led to the use
of nanosecond argon fluoride (ArF) lasers — called excimer lasers — in corneal refractive
surgery. It has been hypothesized that the underlying mechanism involves molecular
fragmentation that leads to volume expansion, pressure rise, and subsequent material
ejection in a process known as ablative photochemical decomposition [5, 47, 49, 50].
Subsequently, it is currently generally accepted that there is always some degree of
secondary photothermal effects that occur as a result of electronic relaxation that also
serve to drive ablation in excimer surgery [5, 51]. Due to the mutagenic potential
associated with free radical production in photochemical decomposition, clinical use of
photochemical ablation outside of corneal surgery (where no dividing cells are present) is
limited.

Plasma-mediated ablation is the process by which large laser irradiance or fluence

levels lead to ionization of tissue and the subsequent generation of a plasma cloud.
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Plasma may be generated by thermionic emission using high fluence nanosecond pulses,
or by multiphoton absorption using high irradiance picosecond or femtosecond pulses. A
fluence on the order of 100 J/cm? for a 10 ns pulse with corresponding irradiance on the
order of 10'° W/cm? is required for thermionic emission in water, whereby a fluence of
only 1 J/cm? will generate a plasma cloud initiated by multiphoton absorption ionization
at an irradiance of 10" W/cm? for a 100 fs pulse [33, 52]. Electrons liberated via
thermionic emission or multiphoton absorption then proceed to continue to absorb
photons via inverse Bremsstrahlung absorption, gaining kinetic energy, leading to high
energy collisions with neighboring bound electrons, subsequently triggering their release
from the bound state (called impact ionization). Consequently, photon absorption by the
increasing numbers of these quasi-free electrons leads to a cascade of impact ionizations,
known as avalanche ionization. This leads to the rapid generation of an intensely hot
electron dense plasma cloud, which absorbs nearly all incoming light, regardless of
wavelength, causing normally transparent materials to be opaque. This phenomenon is
known as optical breakdown [5, 29, 53-55].

Plasma-mediated ablation is efficient and precise, but is unsuitable for
manipulation of regenerative tissues. Plasma-driven ablation has proven effective for
metals [56-58] and non-metals [53, 57, 59], including densely calcified tissue such as
bone [59-61]. No thermal damage occurs as plasma-mediated ablation necessitates pulse
widths on the order of a few nanoseconds or less, hence conditions for thermal
confinement are always met. However, live animal experiments have demonstrated
severely impaired tissue healing following ultrafast cuts in comparison to standard
surgical techniques [61], almost certainly the result of the significant photomechanical

phenomena triggered by the formation of a plasma cloud. These plasma-mediated
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mechanical effects, which include cavitation and subsequent shock wave and jet
production, are collectively referred to as photodisruption, and will be discussed in more
detail below. In addition to injurious mechanical effects, plasma driven ablation
necessitates highly ionizing irradiance; such irradiance levels have been shown to result
in the creation of highly reactive oxygen species capable of causing double strand DNA
breaks, that may result in mutagenesis or apoptotic cellular death [62]. As a result, the
use of plasma-mediated laser ablation where dividing cells are present is unlikely to

occur.

2.5.2. Secondary mechanisms and photomechanical ablation

Thermally-induced mechanical weakening of the ECM is an important secondary
mechanism in material removal in primary photothermal ablation. Weakening of the
ECM occurs secondary to thermally-induced denaturation of ECM structural proteins,
reducing the UTS hence permitting for more enhanced material ejection. Thermal
weakening plays an especially important role where significant thermal spread away from
the target volume occurs. Where conditions for thermal confinement are met (typically
requiring nanosecond or shorter pulse widths), superheating of the target volume to
temperatures in excess of 1000°C may occur, resulting in ECM weakening secondary to
protein dissociation into volatile fragments. This process is known as photothermal
decomposition [31].

Organic gas formation may enhance material removal in primary photochemical,
plasma-mediated, and photothermal ablation where photothermal decomposition occurs.

Various organic gaseous compounds may be produced from highly volatile free radicals,
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molecular fragments, and ionized molecules that result from such methods of ablation.
Once formed, these gases rapidly expand, enhancing material ejection [5, 63, 64].
Photomechanical disruption (photodisruption) plays a critical role in precision
material removal in plasma-mediated ablation. The formation of plasma within tissue
creates a bubble (called a cavitation), filled with rapidly expanding hot plasma ions and
vapor. Confined by the surrounding tissue, this cavitation bubble quickly expands, then
collapses and ruptures due to the hydrostatic pressure of the surrounding tissue matrix,
forming a jet which is always oriented towards the more rigid tissue boundary. The high
pressure jet results in precision mechanical ejection of tissue, without thermal injury [65].
Photodisruption is always associated with significant undesirable mechanical effects,
however. The rapid expansion at the onset of plasma cavitation bubble formation and the
rapid collapse at the termination into a jet triggers high intensity shock waves, which
quickly slow to match the speed of sound in the material, forming acoustic transients.
These broadband transients are typically in the MHz range for nanosecond pulses and in
the GHz range for picosecond or faster pulses. Stress waves in the MHz range are poorly
attenuated and hence propagate far away from the target volume, which may lead to
significant collateral cellular injury [5, 66] [65]. Despite high precision cuts with no sign
of thermal cellular injury, experiments with plasma-mediated ablation in live tissue have
demonstrated extremely poor healing outcomes, almost certainly the result of irreversible
shock wave induced mechanical cellular injury [61]. The contribution of
photomechanical effects to material removal in plasma-mediated ablation cannot be
understated. The transduction of photon energy into mechanical energy in the form of

shock waves and cavitation bubbles has been estimated to be as high as 90% [5, 33].
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Material removal in photothermal ablation may mimic plasma-mediated
photodisruptive mechanisms under special conditions. A common scenario is when a
layer of liquid water exists between the tissue surface and the fiber tip of a pulsed infrared
laser, where the rate of volumetric energy density deposition is high enough such that
bubble nucleation by phase explosion may occur. In this instance, the cavitation bubbles
are filled with mixed phase liquid water and vapor. In the region of the fiber tip, the
expanding bubble is confined, leading to its subsequent collapse and jet formation
towards the tissue directly opposite the fiber tip, leading to material removal [67-69] .
This is the underlying mechanism behind ablation of teeth using commercially available
microsecond pulsed Er:YAG lasers with water spray. The water spray thus serves to cool
the underlying tissue as well as serve as the vehicle for ablation, allowing for precision
ablation of teeth with minimal thermal injury [70]. Ablation of bone using Er:YAG laser
has demonstrated inferior healing outcomes in comparison with conventional surgical
instruments [71]. Despite the precision and minimal thermal injury, use of Er:YAG lasers
in otologic surgery is limited, as bubble expansion and collapse generate high intensity
broadband acoustic transients (including frequencies audible to the human ear), that have
been shown to cause threshold shifts in human hearing [72-76].

Short-pulse laser irradiation of tissue leads to the generation of significant
thermoelastic stress, which triggers acoustic transients that may enhance material ejection
in all forms of primary ablation. Thermoelastic stress is the result of rapid heating and
thermal expansion of a confined volume [77]. Initially compressive, the resultant stress
waves become tensile following impedance mismatch induced reflection at the air-tissue
interface [42]. These tensile waves serve to enhance material ablation in two ways. First,

a profound transient reduction in local pressure within the material allows for bubble
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formation and expansion at temperatures far below the normal boiling point of the
absorbing chromophore [67]. Second, when of sufficient magnitude, these tensile waves
may directly induce cavitation and subsequent collapse and jet formation, which
overcomes the UTS of the material and results directly in tissue fracture and material
ejection [43]. The latter mechanism, first reported by Dingus and Scammon [43], is
known as front surface spallation. Under conditions of thermal and stress confinement,
the energy required to ablate tissue by photomechanical thermoelastic stress waves can be
orders of magnitude less than what would be required to remove it through vaporization
[42, 78, 79]. Consequently, it was believed that material ejection purely by
photomechanical thermoelastic stress waves was theoretically possible [80]. However,
initial attempts at material ablation using infrared pulses below potentially mutagenic
irradiance and fluence levels either proved inefficient or required temperatures over
200°C [81, 82]. The conversion efficiency of photon energy to acoustic energy in water
was found to be on the order of 10% or less [42, 83]; consequently, the energy required to
generate high enough stress waves to cause material fracture always involves levels high
enough to trigger other ablation mechanisms [8]. Thus, it is generally accepted that
material removal by pulsed laser ablation cannot be achieved using the front surface
spallation method alone [5]. More recently, a novel method of pulsed infrared laser
irradiation has been found to produce highly efficient material removal by harnessing
photomechanical thermoelastic stress effect through a mechanism known as impulsive
heat deposition through vibrational excitations (IHDVE) [8, 30].

Finally, material ejection from a tissue surface generates recoil stress that transfers
momentum to the remaining tissue bed. The amount of recoil-associated momentum

increases with fluence levels and follows the law of momentum conservation; at high
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enough levels, such recoil may induce a secondary expulsion stage, which significantly
enhances the rate of material removal in all forms of laser tissue ablation [5, 84].
Importantly, for ablation using pulse lengths in the nanosecond and sub-nanosecond

range, such recoil effects are in fact responsible for the bulk of material ejection [5, 30].

2.5.3. Effects of thermal and stress confinement

Use of pulse widths that satisfy thermal and stress confinement conditions
enhances material removal while reducing the amount of total energy required for
ablation. Consequently, collateral tissue damage is reduced as the degree of both thermal
and mechanical injury scale with the total amount of deposited energy [42]. Thermal
confinement conditions allow for a higher rate of heat deposition and higher temperature
attainment within the target volume, triggering vaporization and material ejection before
significant thermal spread occurs. Similarly, stress confinement conditions allow for the
generation of higher intensity thermoelastic waves within the target volume, enhancing
material fracture and ejection while reducing the spread of potentially mechanically
injurious acoustic transients into adjacent tissue. As previously stated, where water is the
primary chromophore, thermal confinement is obtained for pulse widths on the order of 1
s or less whereas both thermal and stress confinement is obtained for pulse widths

shorter than 1 ns.

2.5.4. Ablation threshold
The threshold fluence in laser-tissue ablation refers to the fluence level below
which the absorbed laser energy does not result in any significant material ejection. The
threshold fluence is tissue and laser specific; it is principally dependent on the rate of

volumetric energy density deposition and the mechanical properties of the tissue.
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Material ejection is required to remove the deposited photon energy from the tissue [5].
When tissue is irradiated below threshold fluence, photon energy is principally
thermalized, which may result in significant thermal injury, regardless of whether
conditions for thermal confinement are met or not. It is important to note that cross-
sectional beam fluence is often non-uniform. For a circular Gaussian beam profile — one
of the most common types — the fluence level in the centre of the beam is generally twice
as high as that of the periphery. This may result in ablation of tissue in the central path of
the beam with heating occurring in the tissue irradiated with the more radial portions of

the beam.

2.5.5. Attempts at ‘cold’ photothermal ablation

The introduction of short pulse microsecond and Q-switched nanosecond Er:YAG
lasers brought the hope of achieving a long sought after safe method of “cold’ tissue
ablation. These laser systems, which emit photons corresponding to the peak in water
vibrational absorption at 2.94 um, ablate tissue by a photothermal mechanism if no water
spray is used, or by a combination of photothermal and photomechanical cavitation and
subsequent jet formation if an intervening water layer is used over the tissue (as described
in the previous section). With nanosecond pulse widths meeting conditions for thermal
confinement, or with microsecond pulses utilizing the photomechanical effect of water
cavitation (together with the cooling properties of the water spray), the prospect of precise
tissue ablation without the use of free-radical producing wavelengths or significant
thermal tissue injury appeared possible. However, healing studies using these pulsed
laser systems proved disappointing [8, 11, 71, 85, 86]. As neither microsecond nor

nanosecond pulsed Er:YAG lasers meet conditions required for acoustic stress
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confinement, significant energy loss out of the target ablation volume occurs in the form
of acoustic transients. These transients are typically in the MHz range, and readily
propagate through tissue leading to widespread mechanical injury to bordering cells and
subsequent impaired wound healing [8]. In addition to mechanical injury, complete
thermal confinement is not possible, and significant thermal injury still occurs [8, 11, 86-
88]. Studies have confirmed thermal necrosis with microsecond Er:YAG laser ablation at
fluence levels typical for use in clinical practice [8, 11, 86]. Furthermore, loss of energy
out of the target volume through thermalization and mechanical acoustic transients leads
to higher total energy requirements for material ejection. A microsecond Er:YAG laser
has an ablation threshold fluence on the order of 1.5 J/cm? for human skin, which, as will
be discussed, is significantly higher than threshold for ablation using a more efficient and

novel infrared picosecond laser.

2.5.6. ITHDVE (Impulsive Heat Deposition through Vibrational
Excitations)

With the advent of the ultrafast pulsed picosecond infrared laser (PIRL), a novel
method of efficient photomechanical laser ablation was realized. The PIRL emits
photons at 2.94 um, similar to Er:YAG lasers, albeit in picosecond time scales that meet
conditions for both thermal and acoustic stress confinement. As discussed, photons
having a 2.94 um wavelength are strongly absorbed by the asymmetric stretch vibrational
mode of the O-H bond of water at 3400 cm™. Cowan et al. demonstrated that complete
thermalization of vibrational energy absorbed into intramolecular O-H bonds at 3400 cm™
into the intermolecular H-bond network occurs within 1 ps [89]. The properties of water
that enable it to strongly absorb at 2.94 um and subsequently completely thermalize the

absorbed energy on an ultrafast picosecond timescale allow for the impulsive
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superheating of water capable of driving rapid phase transitions [30]. Use of pulse widths
between ten and a few hundred picoseconds — shorter than both the thermal and acoustic
stress relaxation times of water — maximizes energy confinement to the target volume.
Such picosecond pulse widths also allow for complete thermalization to occur in step
with the rate of photon deposition; the use of shorter pulse widths (shorter than the
aforementioned thermalization time) may result in vibrational ladder climbing or
multiphoton absorption, leading to free radical production or ionization [30]. The use of
infrared picosecond pulses in this manner has been coined impulsive heat deposition
through vibrational excitations (IHDVE) [8].

Material removal using IHDVE ablation occurs primarily through phase
explosions, greatly enhanced by thermoelastic photomechanical effects. The picosecond
timeframe results in rapid superheating leading to phase explosions and the subsequent
generation of powerful thermoelastic stress transients in the GHz range [83]. Such GHz
transients are significantly attenuated over a distance similar to the optical penetration
depth, minimizing the risk of mechanical injury to cells outside of the target ablation
volume [8]. Importantly, confinement of the GHz transients to the ablation volume leads
to powerful stress amplitudes on the order of 1 GPa for fluence levels on the order of 1
Jlcm? in pure water [8]. The thermoelastic photomechanical effect is thus significantly
enhanced, catalyzing the phase explosions of the superheated water while also causing
direct material fracture and ejection. Table 2.2 summarizes ablation mechanisms for
several common types of medical laser systems and their respective potential for tissue

injury.
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Table 2.2: Comparison of ablation mechanisms and the potential for tissue injury among selected medical laser systems and the PIRL.

Pulsed A Tp Common Primary Ablation Mechanisms Mutagenic | Potential for tissue
laser clinical Chromopho potential injury
system application re Primary Secondary Thermal |Mechanical
KTP | 532 nm | ms Vessel Hemoglobin Photothermal Thermal weakening of No ++++ -
coagulation (vaporization via normal ECM
+/- confined boiling)
CO2 [10.6 ym| ms Ablative Water Photothermal Thermal weakening of No ++++ -
surgery (e.g. (vaporization via normal ECM
laryngeal +/- confined boiling)
mass)
Super/ul| 10.6 pm | ps Skin Water Photothermal Thermal weakening of No ++ ++
trapulse resurfacing (vaporization via ECM, recoil
Cco2 confined boiling and
phase explosions)
Er:'YAG|2.94 um | ps | Dental surgery Water Photothermal Thermal weakening of No ++ ++
(vaporization via ECM, cavitation and jet (reduced
confined boiling and formation with with water
phase explosions) intervening water layer, spray)
recoil
PIRL |2.94 um| ps |Tissue incision Water Photothermal Photomechanical No - -
(proposed) (vaporization via phase | thermoelastic stress,
explosions) recoil
ArF 1193 nm | ns Corneal Collagen Photochemical Photothermal Yes - ++
refractive (ablative decomposition of ECM,
surgery photodecomposition) gas formation, recoil
Femto- | 1052 nm| fs |Capsulorrhexis| Any (optical Plasma-mediated Photodisruption, recoil Yes - +++
second breakdown)
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2.5.7. Preliminary studies with a novel picosecond infrared laser
system

A novel picosecond infrared laser system, or PIRL, that utilizes IHDVE ablation
has recently been developed and tested [8]. In the first reported study examining PIRL
ablation of ex vivo healthy tooth enamel, no thermal injury or micro-fracture was seen
using scanning electron microscopy [8]. The minimal fluence necessary for ablation for
the PIRL was determined to be on the order of 0.5 J/cm? for densely calcified tissue [8],
less than half that required for microsecond Er:YAG laser ablation of soft tissue.

Direct comparison of wound healing responses following PIRL ablation versus
conventional surgical laser and surgical scalpel has shown impressive results. In a
preliminary wound healing experiment by Amini-Nik et al.[11], full thickness incisional
and excisional soft tissue wounds were generated in CD1 mice using PIRL, a
conventional surgical laser (Er:YAG), or conventional scalpel. Transmission and
scanning electron microscopy showed that the PIRL laser produced precise tissue cuts
with less damage to surrounding tissues than wounds created using the other modalities.
The width of the scars formed by PIRL incision were half that of those produced using
either Er:YAG laser or scalpel. Aniline blue staining showed higher levels of collagen in
the early stage of the wounds produced using the PIRL laser, suggesting that these
wounds mature faster. There were more viable cells extracted from skin using the PIRL
laser, suggesting less cellular damage. Beta-catenin and TGF-f signaling, (which are
activated during the proliferative phase of wound healing, and whose level of activation
correlates with the size of wounds), was lower in wounds generated by the PIRL system.
In addition, wounds created with the PIRL system showed a lower rate of cellular

proliferation.
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Experimentation with the PIRL system is still in its infancy. Fundamental
characteristics such as the optimum beam shape profile, energy setting, and pulse
repetition rate to obtain maximal ablation efficiency without deleterious effects have yet
to be determined. Importantly, whether any heat is generated during active PIRL ablation

of tissue is still unknown.

2.5.8. Measurement of temperature rise during laser ablation
Thermography involves the use of quantitative digital imaging to determine
temperature. It is based on the principle of blackbody radiation, whereby any opaque and

non-reflective body (blackbody) will emit a characteristic electromagnetic radiation
spectrum dependent only on its temperature [90]. As the emitted spectrum lies primarily
in the infrared region of the electromagnetic spectrum, infrared cameras are typically used
for thermal imaging. A thermal imaging system consists of an infrared photo-detector
coupled to a computer with software capable of integrating the emitted spectral pattern
from the material surface under investigation in order to generate temperature data points
for each detector pixel.

Quantitative monitoring of tissue temperature rise during ablation is important in
the testing phase of any new medical laser system. Firstly, as no photothermal ablation
method occurs in a completely adiabatic fashion, the risk of significant heat accumulation
due to inefficient material ejection or beam shape effects (as discussed in section 2.5.4)
always exists. Temperature measurement during ablation is important, as cellular injury
resulting from thermal denaturation of enzymes in the absence of histologically evident
necrosis may occur for temperature rises as low as 18°C above normal [45, 91-93].

Secondly, temperature rise in adjacent tissue may be considered an inverse surrogate
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marker for the energy efficiency of an ablation mechanism. Energy lost to the material
removal process is primarily thermalized, leading to temperature rises in the remaining
tissue. Infrared thermography provides an accurate, reproducible, and non-contact
method of measuring tissue temperature rises during laser ablation; it has been
extensively used to study laser-induced temperature changes in various materials,

including tissue [94-100].

2.5.9. Linking statement to first manuscript
As the PIRL technology is still in its infancy, there is a paucity of data
demonstrating its cold ablation capability in practice. The following manuscript is a
study that directly compares heat generation during superficial ablation of ex vivo porcine
skin using both the PIRL and microsecond Er:YAG laser by means of thermography. It is
the first study to directly measure heat generation in real-time during ablation using the

PIRL.
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3.1 Abstract
Background: Lasers provide a means of precise surgical ablation, but their clinical use
has remained limited due to undesired thermal, ionizing, or acoustic stress effects leading
to tissue injury. A novel ultrafast, non-ionizing, picosecond infrared laser (PIRL) system
has recently been developed and is capable, in theory, of ablation with negligible thermal
or acoustic stress effects.
Objective: The purpose of this study was to measure and compare heat generation by
means of thermography during ablation of ex vivo porcine skin by conventional
microsecond pulsed Er:YAG laser and PIRL.
Methods: Ex vivo porcine skin was ablated in a 5mm line pattern with both Er:YAG
laser and PIRL at fluence levels marginally above ablation threshold (2 J/cm? and 0.6
Jlcm? respectively). Peaks and maxima of skin temperature rises were determined using a
thermo camera. Means of peak temperature rises were compared using paired sample t-
test. Ablation craters were assessed by means of digital microscopy.
Results: Mean peak rise in skin surface temperature for the Er:YAG laser and PIRL was
15.0°C and 1.68°C, respectively (p <0.001). Maximum peak rise in skin surface
temperature was 18.85°C for the Er:YAG laser and 2.05°C for the PIRL. Ablation craters
were confirmed on digital microscopy.
Conclusions: PIRL ablation results in negligible heat generation, considerably less than

Er:YAG laser ablation.

Keywords: laser ablation, cold ablation, picosecond infrared laser, Er:YAG laser
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3.2 Introduction

Despite significant advances in surgery over the last century, most surgical
instrumentation remains basic. It has been well documented that conventional
instruments, such as scalpels, saws, and drills cause significant tissue trauma through
shearing forces, vibrations, or thermal injury [9, 11, 12]. Furthermore, due to their
inherent imprecision and human operation, use of these crude instruments is not without
considerable risk of inadvertent tissue injury. Advances in photonics and laser design
have brought great promise for advancing precision in surgical tissue manipulation.
Although they offer precision, conventional lasers have since been shown to cause
significant tissue injury through combinations of ionizing, thermal, or acoustic shockwave
effects [5, 8, 11]. As such, their clinical use remains limited [6].

The introduction of non-ionizing, short pulse microsecond (10 seconds) and Q-
switched nanosecond (10 seconds) Er:YAG lasers brought hope of achieving a long
desired means of ‘cold’ laser ablation. With shorter pulses, photomechanical ablation is
possible, when the absorption of a laser pulse in the target tissue creates mechanical stress
leading to material fracture and ejection [42]. Since tissue has a thermal relaxation time
on the order of a few microseconds [101], the ability to remove it without significant
thermal injury using short pulses seemed possible, in theory [8, 11, 71, 85, 86]. As
relatively high fluence ( defined as the amount of light energy incident on a given square
area) levels are required for Er:YAG laser ablation, (at > 1.5 J/cm?), complete thermal
confinement is not possible, and significant thermal injury still occurs due to temperature
superposition [8, 11, 86-88]. Studies have confirmed thermal necrosis with Er:YAG laser
ablation at fluence levels common in clinical practice [8, 11, 86]. As irreversible thermal

denaturation of human proteins is known to occur at short exposures to temperatures as
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low as 18°C above body temperature, cellular injury is possible even in the absence of
immediately obvious histologic necrosis [45, 91-93]. Furthermore, as a result of acoustic
stress relaxation times being on the order of 1 nanosecond for human tissue, even
microsecond and Q-switched nanosecond Er:YAG laser pulses result in propagation of
acoustic transients which lead to distant fracture of the extracellular matrix, increasing
inflammation [8].

Recently, a new generation of ‘ultrafast’ lasers has been developed [7]. These
‘ultrafast’ lasers deposit concentrated pulses of photons on a picosecond (10™2) time scale
or less, shorter than both the thermal and stress relaxation times of tissue. As such,
deleterious thermal and acoustic shockwave effects are negated [8].

A novel, non-ionizing ultrafast picosecond infrared laser (PIRL) system has
recently been developed that is capable, in theory, of true ‘cold” photomechanical ablation
[8]. As this technology is currently in its infancy, data confirming its clinical potential is
limited. Previous wound healing studies by Amini-Nik et al. has shown zones of injury
significantly smaller on scanning electron microscopy for full thickness incisions made
by PIRL when compared with scalpel and Er:YAG laser [11]. In addition, the width of
the scars formed by PIRL incision were negligible in comparison to those produced using
either Er:YAG laser or scalpel. Furthermore, protein signaling responsible for scar tissue
formation was dramatically reduced with PIRL ablation, with no significant scar tissue
formation extending away from the ablation margins. This significantly improved
healing is presumable due to the very low thermal heating and energy transport to regions
beyond the cut zone. To date, no study has directly measured and confirmed negligible

tissue heating during active ablation using the PIRL system.
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The objective of the current study is to measure and compare real-time heat
generation during ablation of ex vivo porcine epidermis using a PIRL and conventional
microsecond pulsed Er:YAG laser. It is hypothesized that real-time heat generation, as
measured by infrared thermography, will be significantly lower for PIRL ablation than for

Er:YAG laser ablation.

3.3 Materials and methods

3.3.1. Laser systems

An Er:YAG laser (MCL 29, Aesculap-Meditec GmbH, Heroldsberg, Germany)
and a picosecond infrared laser (PIRL, AttoDyne Inc, Toronto, Canada) were used. The
Er:YAG laser and PIRL had pulse lengths of 250 microseconds (250 x 10°® seconds) and
300 picoseconds (300 x 10*? seconds) respectively, both with wavelengths of 2.94 pm
(microns). For the Er:YAG laser, a 5x1 mm slit mode was used. The Er:YAG system
uses a scanning process, moving over the area under treatment in an overlapping fashion
to ensure uniform ablation. The laser was set to produce 2 passes, at a pulse frequency of
24 Hz and pulse energy 100 mJ, corresponding to a fluence of 2 J/cm? for a 5x1mm slit.
This fluence is only slightly higher than the ablation threshold of 1.5 J/cm? for soft tissue
for Er:YAG laser, and lower than the typical fluence levels used in clinical applications
such as skin resurfacing [87]. For the PIRL, a5 mm line scan pattern was used. As with
the Er:-YAG laser, the PIRL system uses a similar scanning process moving over the area
under treatment in an overlapping fashion, with the option of selecting the scan speed.
The laser was again set to produce a total of 2 passes, with a scan speed of 3 mm/s and a
pulse frequency of 50 Hz (the minimum setting for the PIRL system). The PIRL emits a

circular Gaussian beam with a diameter of 300 um. The pulse energy was measured at
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0.2 mJ using a digital optical energy meter. The formula for peak Gaussian circular beam

fluence (¢,) is given by

_2Ep

$o = Eq3.1

nr2’

Using Eq. 3.1, where E, is the pulse energy and r is the beam radius, the corresponding

output fluence of the PIRL was calculated to be 0.6 J/cm?.

3.3.2. Thermography

Fresh ex vivo porcine full thickness skin sections (obtained from an abattoir within
four hours of death and refrigerated at 4°C until use) were cut into 1x1 inch sections from
the dorsal hind leg region of a single specimen and centered within the laser focal plane.
The capture field of a thermo camera (PIR uc 180, InfraTec, Dresden, Germany) was then
focused onto this same region and calibrated. Thermography is based on the principle of
blackbody radiation, whereby any opaque and non-reflective body will emit a
characteristic electromagnetic radiation spectrum in a Gaussian curve dependent solely on
its temperature. Thermography has been extensively used to study laser-induced
temperature changes in various materials, including tissue [94-100]. The spectral range
of the thermo camera used was 7.5 — 13 um, selected in order to avoid capturing the
thermal signal of the beam itself, at a much lower wavelength of 2.94 um for both lasers.
Real-time fast-frame thermal images (at 100 frames/second) were then captured for both
systems during pulsed ablation. The peaks in the rises of skin temperature were
determined using IRBIS 3plus software (InfraTec, Dresden, Germany). The IRBIS 3plus
software generates 3 data points for each frame captured, at a rate of one frame every 10
ms. These 3 data points are the peak, minimum, and average temperatures, which can be

independently calculated for user-defined regions within each thermal image frame. A
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digital microscope was then used to capture post-ablation images to confirm the presence
of superficial ablation craters within skin sections for both ablation methods.

Figure 3-1 shows the experimental thermography setup for the PIRL system. The
output PIRL beam is shaped, focused, and combined with a low power helium-neon (red)
beam for visibility and controlled with programmable beam-steering mirrors contained
within an optics case (a). The skin sample is placed on the focal plane of the beam on a
translation stage (b). The thermo camera is focused on the skin sample (c); its output is
shown on the laptop screen (d). A digital microscope is focused on the sample (e); its

output is shown on the desktop screen (f).

Figure 3-1: Experimental thermography setup for the PIRL system. (a) beam shaping
optics, (b) skin sample on translation stage, (c) thermo camera, (d) thermo camera output
screen, (e) digital microscope, (f) output screen of digital microscope.
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3.3.3. Statistical analysis

Means of peak temperature recordings were comp aired using a a paired t-test
with a set to 0.05. For a known standard deviation of 1 °C for the thermal images, a
modest expected temperature rise of 10 °C for the Er:YAG laser ablation, and an a of
0.05, a single peak temperature measurement per laser would be required to detect a 25%
difference in temperature rise between the two lasers with a power of 80%. In fact,
twelve peak temperatures were measured and averaged for the Er:YAG laser in a 2-line
pass, with hundreds of measurements recorded and averaged for the PIRL during

ablation. Analysis was performed using SPSS 17.0 (IBM, Armonk, New York, USA).

3.4 Results

Figures 3-2 and 3-3 show representative thermal images captured during ablation
for the Er:YAG laser and PIRL respectively. The images are colour mapped; the colour
gradient on the right of each image demonstrates increases in temperatures from
black/blue (cold) to violet/white (hot). Only thermal data within the white circular region
(of approximately 7 mm diameter) is captured. As is clearly demonstrated, consistently
significantly hotter regions are seen on the Er:YAG laser thermal images when compared
to those generated using the PIRL. It is important to note that the colour gradient legend
for the Er:YAG laser ablation varies from 29°C (black/blue) to 51°C (violet/white). The
range of the colour gradient is narrower for the PIRL, from 28°C (black/blue) to 30°C
(violet/white). The Er:YAG laser output beam (diameter of approximately 1 mm) is
much larger than the PIRL (diameter 300 pm); as such, it is programmed to ablate in a
larger stepwise overlapping fashion than is the PIRL. With the Er:YAG laser

programmed to complete two-passes, a total of twelve pulses — and their resulting peak
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Figure 3-2: Representative thermal image frames from Er:YAG laser ablation.

temperatures — are delivered (three pulses are delivered going forward and three

backwards, which is repeated in a 2-line pass). On thermal imaging, each delivered pulse
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is seen as a distinct circular zone of approximately 1 mm in diameter (Figure 3-2). The
PIRL is programmed to ablate with much smaller continuous steps, with a much higher
pulse repetition rate, and thus shows a more linear pattern on thermal imaging (Figure 3-
3).

The IRBIS 3plus software generates 3 data points for each frame captured, at a

rate of one frame every 10 ms. These 3 data points are the peak, minimum, and average

2. Moax: 79, 4070

Figure 3-3: Representative thermal image frames from PIRL ablation.
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temperature within the capture area contained by the white circle seen on the thermal
images in Figures 3-2 and 3-3. These data points are then used to plot thermographs, line
graphs of the peak, minimum, and average temperatures (y-axis) for 10 ms time intervals
(x-axis). Figures 3-4 and 3-5 are thermographs of pulsed ablation for the Er:-YAG laser
and PIRL respectively. As would be expected for pulsed lasers, picket fence-like peaks
are demonstrated. The highest line of peaks represents the maximum temperature, the
middle line the average temperature within the entire capture field, and the lowest line the
baseline skin surface temperature (essentially the room temperature for the ex vivo skin
used). The baseline skin surface temperature was 30.2°C during Er:YAG laser ablation
and 28.1°C during PIRL ablation. The warm baseline temperatures were the result
overhead lighting combined with warm ambient room temperatures; experiments were
conducted in two separate rooms as the laser systems could not be easily transported. As
scanning patterns differ for Er:YAG laser and PIRL, different picket fence-like patterns
are seen. Inatwo line pass, the Er:YAG laser thermogram shows two separate groupings
of temperature peaks (Figure 3-4). The PIRL ablates in a continuous fashion (Figure 3-
5). Despite the continuous pulsed nature of the PIRL ablation, heat generation during
ablation remains significantly lower than during Er:YAG laser ablation.

The mean peak rise in skin surface temperature for the Er:YAG laser and PIRL
was calculated at 15.0°C and 1.68°C, respectively (p < 0.001). Maximum peak rise in
skin surface temperature was 18.85°C for the Er:YAG laser and 2.05°C for the PIRL.

Ablation craters were confirmed on digital microscopy.
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Figure 3-4: Thermogram for Er:YAG laser ablation (Temperature on y-axis vs. frame
number on x-axis).

3.5 Discussion

Real-time heat generation during Er:YAG laser ablation of ex vivo porcine skin, as
measured by thermography is significantly more than during PIRL ablation. At an
Er:YAG laser ablation fluence of 2 J/cm?, (just above the threshold fluence necessary for
ablation to occur of 1.5 J/cm? for the Er:YAG laser), a mean temperature rise of 15°C and
peak of 19°C was demonstrated. As discussed, irreversible thermal denaturation of
human proteins may occur following short exposures to temperatures as low as 18°C
above body temperature in the absence of thermal necrosis [45, 91-93]. Thus cellular
injury may result despite this low Er:YAG laser fluence. Furthermore, such changes on a
molecular level would not be immediately evident on standard histology. As such,

measuring real-time heat generation during laser ablation is an important adjunctive
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Figure 3-5: Thermogram for PIRL ablation (Temperature on y-axis vs. frame number on
X-axis).

outcome measure. In clinical practice, much higher fluence levels are typically used,
resulting in even higher peak temperatures [86-88, 102, 103].

The PIRL allows photon energy to be deposited in a much more efficient fashion,
driving photomechanical ablation with near complete thermal confinement. As a result,
the PIRL ablates at a much lower fluence than the Er:YAG laser. Only clinically
negligible mean and peak temperature rises of 2°C were seen during active PIRL ablation

using a fluence level sufficient for ablation by the PIRL of 0.6 J/cm?.

3.5.1. Limitations of this study
This study is limited in that thermal characteristics of ex vivo skin differ from that of in
vivo skin. Complex interplay of capillary blood flow and metabolic heat generation

within in-situ skin is responsible for maintaining temperature homeostasis. In addition,
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the water content and cellular integrity of ex vivo and in vivo skin differ considerably
depending on time of harvest and preservation methods. In order to minimize these
potential differences, skin samples used in this study were harvested fresh from an
abattoir, refrigerated, and used within hours.

Additionally, the thermo camera used in this study had a frame capture rate
limited to 100 Hz; frames are captured in 10 ms intervals. There will be some thermal
diffusion during this time that will reduce the maximum temperature recorded in this
sampling time. Despite this measurement limitation, there is a clear reduction in the
excessive heat deposited adjacent to the ablated tissue zone with the PIRL system in
comparison to the Er:YAG laser. Improvements in the time resolution of the thermal
imaging would nevertheless be of significant value in correlating tissue damage and
healing outcomes to the precise degree and duration of temperature elevations on adjacent

tissue.

3.5.2. Future studies

It is interesting to note that use of the Er:YAG laser at a fluence just less than four
times that used for the PIRL resulted in a nine-fold increase in peak temperature rise.
This effect is in part due to the enhanced efficiency of the PIRL system in comparison to
the Er:-YAG laser; lower fluence rates — and hence less total energy deposition — are
required to ablate a given volume of tissue. However, even after differences in fluence
rates are accounted for, the adjusted thermal rise is more than double for Er:YAG laser
ablation in comparison to PIRL ablation. The explanation for this difference is found by
comparing the ablation dynamics of the two systems. In comparison with the Er:-YAG

laser, a significantly greater proportion of the PIRL’s photon energy goes directly into
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powering the photomechanical ablation process, with a much lower proportionate loss to
energy spread outside the target area. The timescale is relevant; PIRL driven ablation
occurs on a 100 ps timescale. With all short--pulsed lasers, some degree of excitation of
recoil and acoustic modes within the target volume tissue occurs. In the nanosecond
range and longer, these excitations propagate outwards from the target area causing
additional heating and damage to the surrounding tissue as discussed above. In the
picosecond range and shorter, the excited recoil and acoustic modes have frequency
components on the order of 100 GHz (the Fourier transform of the ablation dynamics).
Acoustics in this frequency range are strongly absorbed and hence do not propagate out of
the ablation zone. The result is such that more energy is channeled into ablation instead
of into heating of the surrounding tissue [8, 30]. The picosecond time scale also
completely avoids other effects typically seen with conventional short-pulse lasers, such
as nucleation growth and cavitation-induced shock waves, further increasing the ablation
drive efficiency. The differences in temperature measurements between the two laser
systems presented here are explained by these differences in their ablation dynamics.
Currently, the PIRL as currently set-up is limited to a fluence of 0.6 J/cm?. Soon,
more powerful PIRL systems will be available, with improved cutting speeds and tissue
ablation rates. Similar experiments using these higher fluence levels will be required, as
the dynamics of heat transport and acoustic propagation out of the ablation zone are non-
linear; this characterization will be essential to ensure that PIRL scalpels are used at
levels that retain negligible energy spread to adjacent tissue. Furthermore,
standardization of ablation volumes will be necessary in future experiments to more

precisely compare volume rates of ablation between laser systems.
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In theory, photomechanical cold ablation should also be possible for osseous
tissue using the PIRL, including cortical bone. Measurement of heat generation during
PIRL ablation of osseous tissue is required as proof. In addition to in vivo soft tissue
experiments to measure heat generation, more research is needed on longitudinal healing

studies for both soft and osseous tissues.

3.6 Conclusion

This experiment has demonstrated that PIRL photomechanical ablation is a more
efficient process than Er:YAG laser driven ablation. Furthermore, it has demonstrated
that at fluence levels just above ablation threshold, temperature rises are negligible for
PIRL ablation and significant for Er:-YAG laser driven ablation.

The negligible heat generation as measured for PIRL ablation confirms the
potential of this novel technology in minimizing undesirable thermal injury associated
with lasers currently in clinical use. This study provides evidence for genuine cold
ablation of soft tissue using a non-ionizing ultrafast picosecond pulse infrared laser

system.
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4 Discussion and linking statements

4.1 Linking statement from first manuscript

As the study in the previous manuscript demonstrated, real-time heat generation
during PIRL ablation of ex vivo porcine skin is negligible, far below levels required for
protein alteration. In addition, the study demonstrated significant heat generation by
Er:YAG laser ablation despite using very low fluence levels (only slightly above the

ablation threshold for microsecond Er:YAG laser for skin).

4.2 Implications

The negligible heat generation as measured in real-time using thermography for
PIRL ablation confirms the potential of this novel technology in minimizing undesirable
thermal injury associated with current lasers in clinical use. Previous histologic studies
have also shown that injury from transient acoustic effects is minimal with the PIRL [8,
11]. This study provides evidence for genuine cold ablation of soft tissue using an
ultrafast infrared pulsed laser system at irradiance and fluence levels orders of magnitude
below that which may cause free-radical production or ionization. Cold ablation is
achieved through a photothermal mechanism using pulse widths meeting conditions for
thermal and stress confinement, with material removal greatly enhanced through strong

photomechanical effects.

4.3 Limitations of this study and linking statement to second
manuscript
As discussed in the manuscript, this study is limited in that thermal characteristics

of ex vivo skin differ from that of in vivo skin. Future studies must examine heat

generation in the context of dynamic live skin in-situ. Ablation volumes need to be
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standardized in order to compare ablation rates at similar fluence levels for the PIRL and
Er:YAG laser systems. Importantly, the current PIRL system is limited to a maximum
power output just below 1 J/cm?. Once more powerful PIRLs are available, (which are
currently under development), similar experiments at identical fluence levels will need to
be carried out, to determine if temperature rises remain significantly lower for the PIRL at
fluence levels similar to those used for Er:YAG laser. More powerful PIRLs would also
permit for better characterization of material removal rates.

Standardizing the comparison of different laser systems in ablation is a
challenging task. As in this study, the beam delivery systems (which may consist of any
combination of glass or hollow core fibers, beam-steering mirrors, and focusing mirrors)
often differ, producing different spot sizes and beam profiles. Secondly, ablation
mechanisms differ and consequently the ablation threshold fluence differs between
different laser systems. For example, in this study, a microsecond Er:YAG laser system
was used without water spray. The principle ablation mechanism for such a system is
photothermal vaporization via confined boiling and phase explosions, without meeting
thermal or stress confinement conditions. As such, a significant amount of energy is lost
from the target volume during ablation, and hence higher fluence levels are required to
trigger material ejection (threshold fluence). The PIRL ablates principally via
photothermal vaporization with phase explosions occurring at very low temperatures due
to the significant thermoelastic photothermal effects as stress confinement conditions are
met. As discussed in the introduction, these same photomechanical effects also trigger
direct material fracture leading to material ejection. Since the PIRL mechanism involves
containment of photon energy within the target volume, significantly lower fluence levels

are required to trigger material ejection. Hence, it is more appropriate to compare
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different laser systems at fluence levels relative to each system’s specific ablation
thresholds for a given tissue type. It is possible to use this approach while standardizing
other variables, such as beam size, total energy deposited, and average power levels. The
next chapter details a second experiment in manuscript form where attempts were made
to standardize these parameters as much as possible, in comparing ex vivo bone ablation

using Er:YAG laser versus PIRL.
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5.1 Abstract

Background and Objective: A precise method to ablate bone without significant
thermal or acoustic injury has remained elusive. A novel non-ionizing ultrafast pulsed
picosecond infrared laser (PIRL) may provide the solution. The PIRL ablates tissue
through purely photomechanical means, via a thermo-elastic front spallation effect, with
near complete thermal and acoustic transient confinement. In contrast, the Er:YAG laser
ablates tissue via a micro-explosive vaporization mechanism. This study compares PIRL
and Er:YAG laser ablation of bone by infrared thermography (IRT), digital and electron
microscopy.

Methods: Ten cuts were made in fresh ex vivo cortical bone via PIRL and Er:YAG laser
ablation under IRT imaging using similar average power settings. Digital microscopy
was used to image the ablation zones.

Results: Peak temperature spikes were negligible and significantly lower for PIRL in
comparison to Er:YAG laser ablation (1.56 £ 2.7°C vs. 12.99 + 2.7°C, p = 0.008). Digital
microscopy confirmed cortical surface ablation for both lasers, with no sign of micro-
fracture for either ablation method.

Conclusion: The PIRL provides a means of cortical bone ablation without shockwave
induced micro-fractures. This novel laser has great potential in advancing surgical
techniques and outcomes in otologic, neurotologic, implant, cranio-maxillofacial, and

head and neck reconstructive surgery.

Keywords: laser ablation, cold ablation, picosecond infrared laser, Er:YAG laser
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5.2 Introduction

Cutting densely calcified tissue in surgery typically necessitates the use of crude
instruments such as saws and drills. These instruments are known to generate significant
tissue damaging heat and vibrations [1, 2]. Osseous temperatures higher than 100°C have
been recorded during bone removal with mechanical burrs despite the use of a liquid
coolant [18]. Heating osseous tissue above 60°C has consistently been shown to
inactivate alkaline phosphatase, interrupt blood flow, and cause tissue necrosis leading to
delayed tissue healing [1, 19-21]. Heating to a temperature as low as 50°C for one minute
may lead to bone resorption and replacement of bone with fat cells [20]. In osseous
surgery, such as mandible reconstruction, delayed healing has the potential to lead to
disastrous consequences in the form of fibrous non-union [3]. In osseous drilling for
implantation of osseointegrated devices such as dental implants or bone anchored hearing
aids (BAHA), thermal damage can lead to failure of osseointegration[22]. Furthermore,
mechanical instruments carry significant risk of plunging injuries and collateral damage
to adjacent vital soft tissue structures [4]. In regions of dense critical anatomy such as the
head and neck, the risk of collateral damage is of particular concern.

The invention of the laser in 1960 by Maiman was met quickly with unbridled
optimism for improving surgical precision and healing outcomes across a myriad of
disciplines. Indeed, lasers have since proven invaluable in soft-tissue applications in
ophthalmology, dermatology, and otolaryngology [23]. More recently, the pulsed
erbium-doped yttrium aluminium garnet (Er:YAG) laser showed promise for efficient
ablation of densely calcified tissue [104, 105]. The combination of a short pulse length
(on the scale of microseconds to nanoseconds), and a wavelength of 2.94 um

(corresponding to the absorption coefficient peak of water in the mid-infrared region)
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allows for efficient photo-thermal explosive vaporization leading to material ejection.
However, despite the short pulse lengths, complete thermal confinement is not possible
due to non-uniform longitudinal and transverse absorption profiles [8]. Furthermore, the
propagation of photo-acoustic energy out of the ablation zone, which occurs on a time
scale on the order of 1 ns, leads to further tissue injury [8, 30]. Healing studies on bone
following Er:YAG laser ablation have consistently demonstrated a mineral-rich
amorphous peripheral damage zone. Despite spanning only a few microns, this layer
results in markedly delayed healing due to its resistance to absorption when compared to
conventional surgical osteotomy by saw or burr [71, 106, 107].

The development of a picosecond infrared laser (PIRL) at 2.94 um seeks to
circumvent the undesirable spread of photon energy away from the target volume. By
taking advantage of the ultrafast energy transfer between the vibrationally excited
intramolecular O-H bond stretching modes and the intermolecular oscillations of the
hydrogen bond network of water molecules (which occurs with complete thermalization
within several picoseconds), the PIRL is capable of explosive photo-thermal vaporization
with near complete thermal confinement [8, 30]. Importantly, the picosecond timeframe
also results in near complete stress confinement, while avoiding ionization and
multiphoton effects than occur with femtosecond pulses. As a result of negligible energy
loss outside of the ablation volume, ablation efficiency is markedly improved. Initial
studies with the PIRL demonstrated an ablation threshold of only 0.5 — 0.75 J/cm? for
enamel [8]. In comparison, the threshold ablation of enamel using Er:YAG laser is
around 10 J/cm? [108]. Initial soft tissue healing studies have shown significant benefit
of PIRL ablation incisions over Er:YAG laser and conventional surgical scalpel incisions

[11]. Ex vivo vocal fold and laryngeal cartilage incisions made with PIRL have
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demonstrated near complete absence of thermal injury and much narrower cutting haps
when compared to CO, laser [109]. Thermography has shown significantly lower ex vivo
skin surface temperature rise during ablation using PIRL when compared to Er:YAG laser
[110]. The objective of this study is to objectively compare surface temperature rise by
means of thermography during ablation of ex vivo bone by means of PIRL and Er:YAG

laser.

5.3 Materials and methods

5.3.1. Laser systems

A picosecond infrared laser (PIRL, AttoDyne Inc, Toronto, Canada), and an
Er:-YAG laser (MEY-1-A EX-2, J. Morita Mfg. Corp., Kyoto, Japan) were used. The
PIRL and Er:YAG laser had pulse widths of 300 ps and 300 ps respectively, both having
wavelengths of 2.94 um with approximately Gaussian cross-sectional profiles. The PIRL
system had an adjustable repetition rate between 50 Hz and 250 Hz, and adjustable pulse
energy from 0% to 100%. The Er:YAG laser system had an adjustable repetition rate
between 1 Hz and 25 Hz, and adjustable pulse energy from 10 mJ to 400 mJ. The PIRL
system beam was coupled to x-y galvo mirrors programmed for 800 um diameter (d)
circular area scanning at the focal point, visualized with a low-energy helium-neon
(HeNe) laser beam along the same path as the 2.94 um PIRL output beam. The Er:-YAG
laser system beam, housed within a flexible hollow-fiber articulating arm with distal
hand-piece, was coupled to a 800 um diameter glass fiber tip (C800F, J. Morita Mfg.
Corp., Kyoto, Japan)(Figure 5-1). For comparative purposes, average power, average
irradiance/intensity (average power per unit area), and total deposited energy were

matched as closely as possible between the two systems. For the PIRL, a repetition rate
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Figure 5-1: Glass fiber Er:YAG laser handpiece tip (800 pum).

of 250 Hz with pulse energy (E;) set to 100% output resulted in a measured average
power of 69.1 mW, corresponding to an average irradiance of 13.7 W/cm? over a 800 pm
diameter circular scanning area. For the Er:YAG laser, a repetition rate of 3.3 Hz with a
pulse energy set to 30 W resulted in a measured average power of 67.6 mW,
corresponding to an average irradiance of 13.4 W/cm? at the tip of the 800 um diameter
circular glass fiber. Power measurements were done for both systems using a precision
power and energy meter (LabMax-TOP with PowerMax PM3 detector, Coherent Inc.,
Santa Clara, CA, USA). (Measured average power was below specified as a result of
typical fiber-coupling losses for the Er:YAG system). Using the average power
measurements, total ablation time necessary to deposit 1 J of total energy onto the 800

pum diameter circular tissue area was calculated to be 14.5 s and 14.8 s for the PIRL and
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Er:YAG laser respectively. Pulse fluences for both systems were above their respective

threshold levels for ablation of bone, while far below levels required for plasma

formation. Peak fluence levels were calculated using the formula for Gaussian beam

fluence (), given by

_ 2B
®» )2

Eq5.1

Peak pulse fluence levels and a summary of laser parameters are summarized in Table

5.1.

Table 5.1: Laser system parameters.

Parameter PIRL Er:YAG Laser
Wavelength (1) 2.94 um 2.94 um
Beam diameter (d), profile 300 pum, Gaussian 800 pum, Gaussian (approx.)
Pulse width 300 ps 300 ps
Avrea of ablation 0.0050 cm” 0.0050 cm®
Scanning pattern Circle (d = 800 pm) -
Repetition rate 250 Hz 3.3 Hz
Average power 69.1 mW 67.6 mW
Pulse energy (E,) 0.276 mJ 20.484 mJ
Peak pulse fluence (¢,) 0.78 Jicm® 8.15 J/cm*
Peak power 9.21x 10° W 68 W
Peak irradiance (peak 1.3 GW/cm* 0.13 MW/cm*
power density)

Ablation time 1455 14.8s
Total energy deposited 1J 1J

5.3.2. Thermography

Thermography is based on the principle of blackbody radiation, whereby any

opaque and non-reflective body will emit a characteristic electromagnetic radiation

spectrum in a Gaussian distribution dependent solely on its temperature. Thermography

has been extensively used to study laser-induced temperature changes in various

materials, including tissue [94-100]. A thermo camera (PIR uc 180, InfraTec, Dresden,
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Germany) having a spectral range of 7.5 — 13 um was used in order to avoid capturing the

thermal signal of the beam itself, at a much shorter wavelength of 2.94 um for both lasers.

5.3.3. Ablation procedure

A fresh, refrigerated ex vivo chicken femur harvested within 48 hours of animal
sacrifice was passively warmed to room temperature. The same specimen was used for
both PIRL and Er:YAG laser ablation trials, which were conducted in immediate
sequence on the same specimen stage in the same laboratory. This method was selected
to minimize any potential differences in temperature and/or humidity within the
laboratory, as well as any potential differences in temperature, humidity, and tissue
integrity within the specimen during ablation trials comparing the two laser systems. The
femur was initially positioned onto the adjustable z-axis (vertical) micrometer specimen
stage and brought into the focus point of the PIRL beam. The capture field of the thermo
camera was then focused onto this same region and calibrated. Ten ablation trials
consisting of the deposition of 1 J of total energy each were run for each laser system.
The Er:YAG laser used in this study was specifically manufactured with a hand-piece that
integrates tunable sterile water and air flow at the beam output, whose purpose serves for
the removal of ablation debris (and blood during in vivo use) from the surface of the
ablation field and from the end of the glass fiber delivery tip to prevent loss of energy
delivery. The water flow also helps drive the photomechanical ablation process, which is
dependent on a hydrated ablation field. Additionally, it serves to reduce undesirable
heating. The water and air flow settings on the Er:YAG laser hand-piece tip are
independently adjustable between settings of 0 and 10, and may be used with or without

the Er:-YAG laser beam activated. As the PIRL did not have an integrated water/air flow
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system, to standardize the comparisons as much as possible the same Er:YAG laser hand-
piece integrated water/air flow system was used for all trials with a setting of 10’ for air
(approximately 2.5 mL/min) and ‘1’ for water flow (approximately 2.0 mL/min). For
both PIRL and Er:YAG laser ablation trials, the Er:YAG laser glass-fiber tip was
positioned stationary in close contact with the tissue surface at a 45° angle away from the
normal angle (in the same fashion that it is designed to be used clinically). The integrated
low-energy visible HeNe laser steering beam on the PIRL permitted for precise placement
of the Er:YAG hand-piece glass-tip immediately adjacent to the ablation field, ensuring
the water and airflow dynamics for both types of laser ablation were identical. The
Er:YAG laser also incorporates a visible HeNe steering beam, which was switched on
during Er:YAG laser ablation and power measurements as it was during PIRL ablation
and power measurements to standardize the comparisons. Furthermore, the integrated
HeNe beams on both systems were of such low-energy that any potential effect on either
total power or temperature measurements was negligible.

Figure 5-2 demonstrates the experimental thermography setup for PIRL ablation.
The output PIRL beam was shaped, focused, and combined with a low power helium-
neon (red) beam for visibility and controlled with programmable beam-steering x-z galvo
mirrors contained within an optics case (a). The femur was placed on the specimen stage
and brought into the focal plane of the beam (b). The thermo camera wass focused onto
the same focal plane (c) with output shown on the laptop screen (d). A digital microscope
was similarly focused on the sample focal plane (e) with output shown on the desktop
screen (f). A beam energy meter is also shown (g). In all trials, the Er:YAG hand-piece

was postioned immediately adjacent to the PIRL focal area in the fashion described above
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Figure 5-2: Experimental setup. Beam-steering x-z galvo mirrors contained within an
optics case (a), specimen stage (b), thermo camera (c), output of thermo camera (d),
digital microscope (e), digital microscope output (f), and energy meter (g).

(not shown), such that air and water flow during thermography recodings was identical

for both ablation methods.

5.3.4. Image capture
Real-time fast-frame thermal images (at 100 frames/second) were captured for
both systems during the pulsed ablation trials. IRBIS 3Plus software (InfraTec, Dresden,
Germany) was used to capture and analyze the thermal images. For an ablation time of
14.5 s for the PIRL, a total of 1450 thermal image frames were analyzed for each of the
ten PIRL trials (each frame representing integrated 10 ms time intervals). Similarly, for

an ablation time of 14.8 s for the Er:YAG laser, a total of 1480 frames were analyzed for
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each trial. From initial trials, it was noted that the tissue surface temperatures quickly
reached a steady-state within 2 s of laser activation for both systems. Thus thermal
measurements were started 2 s after laser activation in all trials. Digital microscopy was
then used to capture post-ablation images to confirm and qualitatively compare the
presence of superficial ablation craters within the outer cortical layer of the chicken femur

for both ablation methods.

5.3.5. Statistical analysis

The average rise in surface temperatures across all trials between the two laser
systems was plotted and the means determined (listed + SD with 95% confidence
intervals) and compared using a two-sided t-test. Additionally, peak rises in surface
temperature corresponding to pulsed spikes in temperature between the two systems were
compared without averaging by using a mixed measures ANOVA test with means listed +
SEM (standard error of the mean) with 95% CI (confidence intervals). For all
comparisons, o was set at 0.05. Scatterplots were made using Microsoft Excel 2010
(Microsoft Corp., Redmond, WA, USA). IBM SPSS Statistics 20 (IBM Corp., Armonk,

New York, USA) was used for statistical tests.

5.4 Results

5.4.1. Thermal imagery
Thermal images series were captured for all ablation trials and analysed. Figures
5-3 and 5-4 demonstrate frame captures from PIRL and Er:YAG laser ablation trials. The
IRBIS 3Plus software calculates minimum, maximum, and mean temperature within user-
defined geometric areas for each thermal image frame series. Three separated circular

regions were defined within each thermal image series. The first region (approximately 3
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mm in diameter) was centered on the ablation zone in order to calculate the ablation zone
maximum surface temperature (AMaST). Another region (approximately 1 mm in
diameter) was centered of the path of water and airflow as it exited the fiber tip, outside
of the ablation zone, to determine the water and airflow mean temperature (WMeT). The
third region selected (2 mm in diameter) in order to determine the baseline mean surface
temperature (BMeST) of the femur within the same plane of focus, while outside of the
path of water and airflow and away from the ablation zone. These regions may be seen in
Figures 5-3 and 5-4. Thermograms were then plotted using IRBIS 3Plus for each trial

plotting AMaST, WMeT, and BMeST against time. Representative thermograms are

Figure 5-3: Sample PIRL ablation thermal image. Fiber tip with air and water spray is
seen at left (ft). Temperature gradient legend is inset at right. Three circular zones are
demonstrated within which temperatures were recorded as follows: ablation zone —
maximum surface temperature (AMaST), water and airflow — mean temperature
(WMeT), bone surface far from ablation zone — mean surface temperature (BMeST).



71

shown in Figures 5-5 and 5-6. As the area of ablation was constantly under water and
airflow irrigati on, rises in temperature due to laser ablation were calculated by
subtracting the WMeT from the AMaST to obtain an absolute temperature rise in degrees
Celcius. (The BMeST is shown for reference purposes only and was not used in
calculations; considering the high thermal conductivity of water, the baseline surface
temperature of the region of bone under constant irrigation was assumed to be
approximately equal to the WMeT for all trials). Considering the low pulse energy and
high repetition rate of the PIRL, it is not surprising that minimal fluctuations in the
AMaSTs are seen during PIRL ablation (Figure 5-5). With Er:YAG laser ablation,
however, higher pulse energies and a lower repetition rate generate repetitive rapid bursts

in the AMaSTs (Figure 5-6).

Figure 5-4: Sample Er:YAG laser ablation thermal image. See caption for Figure 5-3.



5.4.2. Digital microscopy

Digital monocular microscopy confirmed the presence of superficial ablation

craters within the outer cortical layer of bone for both ablation methods (Figure 5-7 and

5-8). No carbonization is seen in either specimen.
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Figure 5-5: PIRL ablation thermogram. AMaST = ablation zone maximum
surface temperature, WMeT = water and airflow mean temperature, BMeST =
baseline femur mean surface temperature.
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Figure 5-6: Er:YAG laser ablation thermogram. See caption for Figure 5-5.
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5.4.3. Statistical analysis
Increases in surface temperature within the ablation zones were calculated across
all frames for all trials for PIRL and Er:YAG laser. Data was then analyzed in two
separate clusters. The first cluster consisted of all data points, averaged over all ten trials
for PIRL and Er:YAG laser ablation respectively. The mean rise in surface temperature

across the entire ablation period was minimal for both systems, yet statistically lower for

Figure 5-7: PIRL ablation crater. Millimeter scale
shown.

Figure 5-8: Er:YAG laser ablation crater.
Millimeter scale shown.
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PIRL ablation at 0.78 £ 0.73°C (95% CI: 0.77°C to 0.79°C) compared to Er:YAG laser
ablation at 1.70 + 3.53°C (95% CI: 1.64°C to 1.75°C) (p < 0.001).

Comparison of mean tissue temperature alone when analyzing pulsed laser
systems by means of continuous frame capture thermography can be misleading due to
thermal diffusion out of the excited zone (heat loss) relative to the laser repetition rate.
As is clear from the Er:YAG laser ablation thermogram in Figure 5-6, rapid rises and falls
in temperature occur, while the majority of data points remain far below the peak
temperature rises. In order to better account for these temperature spikes, a subset of data
consisting of the highest temperature recordings for each trial was analysed
(corresponding the peaks seen in Figure 5-6). Analysis of these temperature spikes
showed an average rise of 1.56 £ 2.71°C (95% CI: -4.14°C to 7.27°C) for PIRL ablation

and 12.99 + 2.71°C (95% CI: 7.29°C to 18.70°C) for Er:YAG laser ablation (p = 0.008).

5.5 Discussion

Mechanisms of laser ablation of tissue include photothermal, photomechanical,
photochemical (also known as ablative photodecomposition), and plasma-mediated [5,
28]. Of these, the latter three involve photon energies or densities causing ionization and
hence are not suitable for use on regenerating tissue. This study has compared two laser
systems that target the absorption coefficient peak of water around 3 um that ablate by
means of photothermal vaporization. In order to standardize the comparison, average
powers were matched as closely as possible while using appropriate fluence levels for
each system. For the Er:YAG laser, the threshold for bone ablation has previously been
found to be on the order of 2-3 J/cm? (three to fivefold less than the respective threshold

for enamel).[86] The peak fluence of 8.15 J/cm? for Er:YAG laser ablation used in this
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study is well within the therapeutic window of 3.4-16 J/cm? described by Walsh et al.,
below which energy is absorbed into the tissue primarily as heat without ablation and
above which thermionic plasma formation may occur [86]. The supra-threshold peak
fluence chosen also serves to minimize the amount of sub-ablation level energy present at
the fringes of the roughly Gaussian cross-sectional beam. Furthermore, the supra-
threshold level chosen also permits for continued ablation in the face of precipitous
fluence losses of up to 50% with inadvertent tip-tissue separation distances as small as 1
mm [104]. The threshold fluence for PIRL ablation of bone has not yet been precisely
determined, although it can be reasonably assumed that it is less than its respective
ablation threshold for enamel (known to be between 0.5 J/cm®and 0.75 J/cm?) [8]. The
peak fluence of 0.78 J/cm? for PIRL ablation used in this study is well below levels
required for plasma formation, and thus falls within a respective supra-threshold
treatment window adequate for objective comparison with Er:YAG laser ablation.

In this study, it is the peak temperature rise that is the most relevant parameter.
As can be seen in Figure 6, the thermal diffusion time is barely resolved within the
detector response time and it is on the order of 30 ms. This measurement is consistent
with estimates for thermal diffusion based on the thermal diffusivity of water. Taking
this into account, there are approximately 10 decades in time for the temperature to decay
back to near ambient between lase shots for the Er:YAG ablation study. However, the
peak temperature is most telling. Given the finite detector response, the measured values
must be taken as lower limits. Taking thermal diffusion effects into consideration, the
results of this study clearly demonstrate, peak surface temperature rises during ablation
remain significantly lower for the PIRL than for the Er:YAG laser at 2°C compared to

13°C, respectively. Again, this peak temperature is a lower limit due to the finite detector
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response time relative to thermal diffusion out of the excited zone that lowers the
measured temperature. The important point is that the peak temperature rise is a factor of
5 times smaller than with Er:YAG laser ablation. This difference is quite significant and
is a direct consequence of the much more efficient mechanism for laser ablation with the
PIRL system relative to the conventional Er:YAG laser. The small temperature rise that
occurs with PIRL ablation may be considered clinically negligible, as temperatures rises
greater than 10°C (assuming a body temperature of 37°C) are typically required to cause
bone injury [20]. Furthermore, the time scale for the temperature rise to cause damage
depends on the overall integrated time the system is exposed to an elevated temperature.
The whole process occurs on picosecond timescales with PIRL and as such this relatively
small peak excursion in temperature can be considered negligible, as evidenced by the
complete conservation of tissue characteristics of the adjacent tissue with no noticeable
damage both in this study and previous work [8, 109, 110]. The reason for the significant
dampened temperature rises seen with PIRL and lack of collateral tissue damage in
comparison to Er:YAG laser ablation stems from the shorter and more efficient method of
energy deposition that is possible on the picosecond scale. In depositing photon energy
on a time scale several orders of magnitude shorter than both typical tissue thermal
relaxation times (measured in microseconds) and stress confinement times (measured in
nanoseconds), the picosecond infrared laser ablates tissue with negligible energy spread
outside of the target volume. In addition to lower temperatures, PIRL ablation occurs
without the characteristic popping sound common to Er:YAG laser ablation which limits
its application in critically noise-sensitive otologic surgery such as stapedotomy [73].
Further studies will seek to precisely quantify any potential acoustic effects of PIRL

ablation, as this technology may become an important tool in otologic surgery.
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5.5.1. Study limitations and future directions

This study is limited in that temperature measurements were conducted with use
of active air and water irrigation. Water irrigation serves to hydrate the tissue (which
helps to drive the ablation process) as well as to provide cooling. With ex vivo compact
bone — such as the type used in this study — dehydration occurs rapidly without water
irrigation, leading to a swift decrease in ablation efficiency. Following dehydration,
incident photons are primarily absorbed by hydroxyapatite molecules, which like water
molecules also demonstrate an absorption coefficient peak around 3 um [111]. Unlike
water molecules however, they do not undergo the same rapid thermalization; instead of
material ejection , photon absorption by hydroxyapatite at low fluence levels leads to
significant lattice heating. This occurs for both PIRL and Er:YAG laser. Dehydration
becomes less of an issue in live compact bone, which remains significantly more
hyrdrated than ex vivo bone due to its Haversian system. Future studies will quantify
tissue heating during PIRL ablation on in vivo bone without irrigation, in addition to
examining healing outcomes. In theory, the negligible thermal and acoustic cellular
insults possible with PIRL ablation of bone may potentially lead to improved healing

outcomes in comparison to conventional techniques.

5.6 Conclusion
This study has demonstrated negligible tissue temperature rise during ablation of
bone using a novel picosecond infrared laser (PIRL). This technology may have future

significant applications in bone surgery.
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6 Discussion

6.1 Linking statement from manuscripts

The previous two chapters detailed experiments in the form of manuscripts
comparing heat generation during ablation of ex vivo soft and osseous using conventional
microsecond Er:YAG laser ablation systems currently in clinical use with the novel PIRL
system. Both studies confirmed negligible heat generation during PIRL ablation, in
contrast to potentially injurious temperature levels generated during microsecond
Er:YAG laser ablation. Although both systems ablate tissue primarily through
photothermal vaporization, material removal by means of PIRL ablation is much more
efficient since it occurs under conditions of thermal and stress confinement, which

strongly enhance secondary thermoelastic photomechanical ablation mechanisms.

6.2 Future directions

Preliminary live animal studies in a murine model have already provided evidence
for improved soft-tissue healing following incisions made by PIRL ablation in
comparison to Er:YAG laser and traditional surgical scalpel [11]. This result must be
confirmed in other live animal models that better replicate the healing properties of
human skin (for example, a live porcine model). Secondly, as the healing and mechanical
properties of bone are fundamentally different from those of soft-tissue, live animal
studies are needed to characterize the effects efficiency of PIRL ablation of bone. Bone is
a much harder and brittle material than skin; the photomechanical effects, specifically the
potential injurious effect of propagation of short pulse laser generated acoustic transients
must be carefully studied before any potential introduction into clinical use. Thirdly, for

many clinical applications utilizing laser ablation, some degree of thermal heating is
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desirable for purposes of coagulation. With current lasers in clinical use, it is not possible
to independently control laser energy deposited for purposes of tissue ablation from the
energy required for coagulation. The PIRL provides a means of such control when
combined with a second coagulating laser beam, whose fluence can be adjusted
independently to provide coagulation without excessive thermal injury. Pulsed visible
lasers, such as a KTP or dye laser, emit wavelengths which are strongly absorbed by
hemoglobin, leading to a subsequent intravascular photocoagulation cascade [112].
Fortunately, the addition of such a second beam to the path of the PIRL beam would be
relatively straightforward to engineer.

One of the more exciting implications of genuine cold-ablation of tissue is that
non-thermalized and chemically unmodified cells, cellular fragments, and proteins are
ejected from the tissue surface during the ablation process. These elements may be
collected, analyzed, and subsequently identified using mass spectrometry or spectroscopy
techniques. Cellular or protein signals may be recognized in near real-time, proving rapid
analysis of the type of tissue being ablated. Using such protein signals, software could be
designed to trigger beam shutoff when critical structures such as nerves or vessels are
encountered during ablation. Similarly, using tumour protein signals obtained from
analysis of tumour data bank samples, the possibility exists for the use of PIRL ablation
in a similar manner to how frozen sections are currently utilized to provide the surgeon
with intra-operative tumour margin analysis. In this instance, a PIRL coupled to a
miniaturized mass spectrometer would be used to ablate a very superficial layer of cells
from a region in question in the operative field after gross tumour removal in order to

identify any possible remaining microscopic disease.
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7 Conclusion

This study has demonstrated that tissue temperature rise during pulsed laser
ablation of soft tissue and bone is negligible for PIRL ablation while significant for
microsecond Er:YAG laser ablation.

The negligible heat generation as measured during PIRL ablation confirms the
potential of this novel technology in minimizing undesirable thermal injury associated
with lasers currently in clinical use. This study provides evidence for genuine cold
ablation of soft tissue using an ultrafast picosecond pulse infrared laser system, at fluence

and irradiance levels far below the threshold for ionization or free-radical production.

7.1 Claim of originality

This is the first study to measure heat generation during ablation using the novel
picosecond infrared laser system. It has confirmed by use of thermal imagery that PIRL
ablation of ex vivo soft tissue and bone causes negligible tissue heating, far below levels

that may result in cellular injury.
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