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eLaser tissue-interaction: from mathematical model to clinical practice
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eLaser tissue-interaction: from mathematical model to clinical practice

Laser Ablation NIR laser fiber TUMOR
Increases tissue temperature o 7
(>50 °C) TUMOR

. . . NECrosis
to induce coagulative tumor necrosis

Final aims of optimal thermal ablation
v" Necrosis of the whole tumor
(+ safety margins)

v" Minimize the thermal damage to the
surrounding healthy tissue
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Tumor targeting and selectivity

Inoculation of gold nanorods in tumor

(surtace plasmon resonance)

Tumor
N\ @
Nanoparticles} '
™
xS (AuNRs) p.. = 2D
/ LASER
k Mooney, ..,Saccomandi Int J Hyperthermia 2017 )

Real-time feedback

*Real-time measurement of tumor
temperature gradient:
index of therapy efficacy

«Accuracy/sensitivity assay

of various approaches
optical sensors, CT, MR images ‘

Saccomandi Int J Hyperthermia 2013,Phys Med Biol 2013, Med Eng Phys 2015
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Goal

Safe & Selective

Defining optimal LASER settings

*Numerical model of temperature map in
tumor during NIR LASER ABLATION

LASER
«Simulation y x****
NIR laser-AuNRs- ?: el {t'i'ssue
tissue interaction N UNRS

Saccomandi, Las Med Scie 2016 l

Analysis of pre-operative
patient images

L Saccomandi IEEE Trans Biomed Eng 2012

Tumor treatment

Endoscopic/ -
percutaneous
guidance

of laser fiber
in tumor

Di Matteo, Saccomandi Gastrointest Endoscopy 2014,2016




eLaser tissue-interaction: from mathematical model to clinical practice
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eLaser tissue-interaction: from mathematical model to clinical practice

Laser energy

Absorption

Temperature increase

Thermal damage
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elLaser tissue-interaction

Mechanisms of laser-tissue interaction
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elLaser tissue-interaction

Biomedical Optics: fundamentals

incident photon ‘ v
‘ % scattered
e T ] photon.
~ refracted S
__ photon Biomaterials are
oA Nl A complex structures,
J A R b St so any combination
scattered photon Wl S s of interaction with
S 2Pk ‘ light is possible.
~absorbed
- photon

reflected photon ) .
P transmitted

photon
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H eLaser tissue-interaction: from mathematical model to clinical practice
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elLaser tissue-interaction

Biomedical Optics: fundamentals

Scattering:
incident photon - _change in the
. - scattered direction of motion

\

of a particle after
collision with another
particle

- photon

[l Absorption:
T Vs - energy the loss of light as it
A e A passes through the
- absorbed tissue, and it is
- photon converted into another
e ' energy form

N -

e POLITECNICO MILANO 1863

GA 759159 Opﬂmo /

Eur
[



elLaser tissue-interaction

o AT Biomedical Optics: fundamentals

The ability of light fo penetrate a fissue

: B v qgnd deposit energy in tissues is key to therapeutic applications

| :
ol \
8 N
B advantages of reduced
% absorption and scattering
2 ' > deeper penetration of light
inside tissues
0.1 3
0.01 ce s

400 600 800 1000 1200 1400 1600 1800 2000
wavelength (nm)
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elLaser tissue-interaction

Turbid medium
the scattering
phenomenon is strong

An exact modelling of the
inhomogeneous and turbid
tissue is not available.

The tissue is represented as an
absorbing bulk material with
scattering particles randomly
distributed over the volume.

Lambert-Beer law — Phase function “The Deeper the Glass, the Darker the Brew,
attenuation (scattering and absorption) the (ess of the incident Light that cets Throwah”

I (Z) — I . e Absorption Scattering Anisotropy
0 coefficient coefficient coefficient

Heff = \/Bﬂa (e + us(1 = g)] 115[1c2nml]1 ~|150[;T|:!1 0,05
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elLaser tissue-interaction:

Pra Optical properties estimation
detector detector
.

Laser Nd:YAG Rd measured mTTTTET T
. 1064nm baffle I Model of photons : Ma
. Td measured | propagation in the 1 ==/ L
7 Tc measured == !______ti_sflie_ _____ | =] 8

Laser-tissue

Ry, T., T
model —> drierd
start estimated
(Monte Carlo)

A

Optimization
Mg +Au,

s +Au
g +Ag

Threshold

error
?

u, =56+3cm™
i, =539+4cm™
g=0,96+0,01

Accepted
parameters
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elLaser tissue-interaction:

Laser Source Laser Source
T[°C]
+ T[°C
. Tumor Tumor v with nanoparticles

Mot % A Mot ’

M 1 NI Hs

9 9 anoparticles % articles

Healthy Healthy .

tissue tissue .
t [s]
— — — Hett = \/3MalHg + 1s(1 = )]
p 1050 kg-m? —
c 3700 Jkg 1K ﬂa ﬂat —I_ ﬂan
k 0.5 W-m 'K o
Po 1060 kgm * s — Hst + Hsn,
Cp 3640 J-k1g K
Wi 0,02 S
Hat 5.7 cm‘: U,y = zalil imag 0_1 + @ + 0—3
st 97 cm an ?\,V 3 3 3 ’
Han 406 cm':| np
Lo 0.0028 cm 3
= 16m°f,
g 0.94 cm ! _ v 2 2 2
D R " L = ol el +as)
L 1 nm np
A 800 nm <“«—>
D a;=f(D/L)
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elLaser tissue-interaction:

Mice 1 Control Mice 8 NSC+GNRs

200 400 600 0 100 200 300 400 500 600
t[s] t [s]

Representative xenogen images 2 days
after AuNRs-mediated LA LA.

Group Group Group Group

. 210 2.1-125 2.1-25 2150
Laser settings
l
| |

R KD
| | | | | | 1 | | | | | 1
12.5
50 25
e EEL

AuNRs settings

Group Group Group Group
3-12.5 3-25 3-50
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eLaser tissue-interaction: from mathematical model to clinical practice

Laser energy }

laser
. . . . photons

v?;{ i'\)/t'issue

Temperature increase

Thermal damage
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elLaser tissue-interaction: from mathematical model

Mat Rew Cancer. 2014 Mar;14{3):100-202. doi: 10.1038/nrc3672.

Thermal ablation of tumours: biological mechanisms and
advances in therapy.
Chu KE', Dupuy DE'.

# Author information

Abstract

Minimally invazive thermal ablation of tumours has become common since the advent of
madam imaging. From the ablation of small, unresectable tumours to experimental therapies,
percutaneous radiofrequency ablation, microwave ablation. eryeablation and ireversible
electroporation have an increasing role in the freatment of selid neaplasms. This Opinion
arficle examines the mechanisms of tumeur cell death that are induced by the most common
thermoablative techniques and discusses the rapidly developing areas of research in the field,
including combinatorial ablation and immunoctherapy. synergy with conventional chemotherapy
and radiation, and the development of a new ablation moedality in irreversible electroporation.

FMID: 24561445 DOl 10.1038/nne3672
[Indeezd for MEDLINE]

European Research Council

Thermal outcome in living tissues
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elaser tissue-interaction: from mathematical model

Thermal outcome in living tissues

. ! | | |
10° ‘El —@— Mouse (in vitro)

. Vaporization i - «[&- - Human (in vivo)

— & - Human (in vitro)
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Dewhrist, 2003 Proc SPIE Int Soc Opt Eng.

y.\
POLITECNICO MILANO 1863 | ASER

GA 759159 Opﬂmo /




elLaser tissue-interaction: from mathematical model

Fluence rate [W/m?] Tissue temperature [°C] Thermaldamage
— Laser
Characteristics settips
of applicator EPt
MONTE il
=3 BIOHEAT | f====4 | ARRHENIUS | f====
CARLO : d
MODELING P Wloy2) >| EQU?TION > T_(x’=y’itg> INTE?PRAL > Qxy, ’=-_1!|
Ti e: tical Fissue Fissue
,ss,‘; ezi;s physical properties
prop properties A, Ea
Ha, Hs, 9 P, € k
W(x,y,z)=P-f(A,u,) p o2 G:2:20)
Yy x

T_' photons
iz

5

tis#ue

I [ | A7
0.04

Numerical Model approach to:

*plan the therapy (optimal settings)

‘predict the outcome
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elaser tissue-interaction: from mathematical model

Heat transfer modeling

bec aT(Xéty’z’t) =V -(k-VT (%, y,2,8))+ Qp + Qpy + Q — Qs

v [Wiem?)

3 v [Wiem?) s v [Wiem?] os Vv [Wrem?]

X 1

Model inputs: Bare fiber

—_—

z[em]

* mechanical tissue properties
* thermal tissue properties
 optical properties

Cylindrical §
applicator

m—

0

0 rfem] 2
TIK .
s Sl

0 X
0 rfem] 2

* temperature dependent properties  zebra 3 A B N
- defined geometry of the tissue applicator % i
domain and of the laser fiber B Z' L ¥
applicator Hybrid % -
applicator :
Models should account for: R g o 1 O Oy M

influence of the soft tissue properties,
presence of blood vessels, ..

Saccomandi P, Schena E, Caponero MA, Di Matteo FM, Martino M, Pandolfi M, Silvestri S. Theoretical analysis and experimental evaluation of laser induced interstitial thermotherapy in
ex vivo porcine pancreas. IEEE TRANSACTION OF BIOMEDICAL ENGINEERING, Vol. 59, n. 10, pp. 2958-2964, Ott 2012.
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elaser tissue-interaction: from mathematical model

Hyperthermal treatment planning (HTP) systems

1. Generation of 2. Finite element analysis 3. Calculation of

fhe patient based on individual temperature

model patient anatomies distributed into the
tissue

FEM mesh
generation

Conversion to 3D surface mesh
and applicator placement

—p  TEemperature map

segpmentation

Scott, S.J., Adams, M.S., Salgaonkar, V. et al. J Ther Ultrasound (2017) 5: 10. https://doi.org/10.1186/540349-017-0090-2. Open Access

Adjust applicator placement, number of transducers, transducer length, aiming,
and power as necessary
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elaser tissue-interaction: from mathematical model

Hyperthermal treatment planning (HTP) systems

1. Generation of 2. Finite element analysis 3. Calculation of temperature
the patient model based on individual distributed into the tissue
patient anatomies
(mesh generation)

*no segmentation

—~>short computation time
(30 s)
—>real time use

- -
> ——= |
(b) (©)

Figure 5. Iso-surface obtained from: (a) simulation, (b) patient-spefific data (with Hausdorff dis-
tance) and (c) manufacturer.

(@)

COITIN, Stephane. "Interactive planning of cryotherapy using physics-based simulation.” Medicine Meets Virtual Reality 21: NextMed/MMVR21 196
(2014): 423
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eLaser tissue-interaction: from mathematical model to clinical practice

Laser energy >

laser
.+ . . photons

v?;{ k\)/t'issue

Temperature increase

Thermal damage
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elLaser tissue-interaction: from mathematical model

Thermal damage

C(0)

C(r)

Q(7) =In = _T[ Ae{R_TE(at)
0

Grafico sul punto: Danno termico Q
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a

Arrhenius calculations in numerical

models can be used to predict the
probability of irreversible thermal
damage
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eLaser tissue-interaction: from mathematical model to clinical practice

Laser energy >

laser
. . . . photons

v?;{ i'\)/t'issue

Temperature increase

Thermal damage
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eThermometry during laser therapy

Thermometry during thermal therapies

' '
CONTACT CONTACTLESS
(invasive) technigues (non-invasive) techniques
! } ' ' !
M ti
Thermocouples Fiber Optic Sensors Computed Ultrasound aBNEtic
Tomography Resonance
Imaging

s
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eThermometry during laser therapy: fiber optic sensors
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eThermometry during laser therapy: fiber optic sensors
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| g,
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eThermometry during laser therapy: fiber optic sensors

LZOE‘ s e 20 . : : . *t=6min
| : . . . { : ' : © t=8 min
4 b g -~ t=10 min
O t > - - . o O . . - . " . 4 . t:|2 lnin
d [mm] d [mm] © =15 min
-5 0 5 -5 0 5

Measurement error
due to breathing
motion
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e Thermomeitry during laser therapy: MR Thermomeiry

MR imaging and in vivo laser ablation

Needles placement

(laser and FBGs MR imaging

Laser Ablation

_ ‘ELESTA
' Beyond Laser
2-3' W
1000-1200)J

)

Anaesthetized animal
Compliance with
directive 2010/63/EU
and 3Rs principles

Nd:YAG, 1064 nm, CW
265 pm fiber
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e Thermomeitry during laser therapy: MR Thermomeiry

MR thermometry

Liver

n

Kidney

a7('Q)
©
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eLaser tissue-interaction: from mathematical model to clinical practice

Laser energy >

laser

Vo . | photons Patient

‘f*\i./y/\

Temperature increase

Thermal damage
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eLaser tissue-interaction: from mathematical model to clinical practice

Laparotomy Endoscopy/Percutaneous

Big cut,
good surgeon!
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eLaser tissue-interaction: from mathematical model to clinical practice

Surgical diseases tfreatment evolution

Ultrasound Transducer

) Ablation Catheter

Ultrasound Image
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eLaser tissue-interaction: from mathematical model to clinical practice

Which approach?

Echoendoscopy Percutaneous approach
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eLaser tissue-interaction: from mathematical model to clinical practice

Why laser ablation for malignancies treatment?

Capability to reach “difficult locations”

Overall, it is be-
lieved that between 10% and 25% of patients
with HCC may not be eligible for RFA because
of tumor location
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eLaser tissue-interaction: from mathematical model to clinical practice

Why laser ablation for malignancies treatment?

Major operator ergonomics and less

patient’s frauma

RFA probe

Ultrasound probe

Ultrasound beam

surrounding
necrosis

Laser probe

Radiofrequency ‘\

ablation probe

believe that the main advantage of laser abla-
tion is the use of multiple fine needles, which
are less traumatic in cirrhotic patients at risk
of bleeding and may be handled more easily
by the operator to reach difficult sites. In ad-
dition, using multiple thermal sources makes
it possible to better tailor energy delivery to
the volume and shape of the target nodule.
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eLaser tissue-interaction: from mathematical model to clinical practice

Clinical application of LA

Hepatocellular Carcinoma
Liver Metastases

Thyroid nodules m
9 |
Pancreatic diseases

Biliary tfree tumors
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eLaser tissue-interaction: from mathematical model to clinical practice

Pancreatic diseases

Vena porta

Colon trasve
(sezionato)

Vena mesenterica
inferiore (retroperitoneale)

Arteria e vena coliche medie Digiuno (sezionato)

sug \ Flessuta duodeno-digiunale

-
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eLaser tissue-interaction: from mathematical model to clinical practice

Francesca Picconl’,

Endoscopic ultrasound-guided Nd:YAG laser Margareth Martino', Monica Pandolfr',

Claudio Maurizio Pacella?,

ablation of recurrent pancreatic neuroendocrine  Emillano Schena’, Guido Costamagna*
tumor: a promising revolution? enoscopy2014: 46:£380-£381

Laser settings: Nd:YAG, 4W for 300 secs umIl

G-emelll -

e Policlinico Universitari JoAgasl o Gemelli IRCCS
LI iveritbc trolica del Sacro Cuo
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eLaser tissue-interaction: from mathematical model to clinical practice

Feasibility of EUS-guided Nd:YAG laser ablation of unresectable

pancreatic adenocarcinoma

Francesco Maria Di Matteo, MD, Paola. Saccomandi, Prof, Margareth Martino, MD,
Monica Pandolffi, MD, Margherita Pizzicannella, MD, Valerio Balassone, Md, PhD,
Emiliano Schena, Prof, Claudio Marcello Pacella, MD, Sergio Silvestri, Prof, Guido

Costamagna, Prof.

Laser settings: 2W for 800 J, 1000 J and 1200 J or 3W for 800 J, 1000 J and 1200 J or 4W for 800 J, 1000 J and 1200 J

9 patients

- INSTITUT DE CHIRURGIE
I GUIDEE PAR L'IMAGE

STRASBOURG
[
Universita Cattolica del Sacro Cuore

Gemelli

Agostino Gemelli IRCCS
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eLaser tissue-interaction: from mathematical model to clinical practice

European Research Council
Extilishos o Europuan Commision

Feasibility of EUS-guided Nd:YAG laser ablation of unresectable
pancreatic adenocarcinoma

Francesco Maria Di Matteo, MD, Paola. Saccomandi, Prof, Margareth Martino, MD,
Monica Pandolffi, MD, Margherita Pizzicannella, MD, Valerio Balassone, Md, PhD,
Emiliano Schena, Prof, Claudio Marcello Pacella, MD, Sergio Silvestri, Prof, Guido
Costamagna, Prof.

25 800) 12001
No intraprocedural complications o : \
> o |8 it
Post-procedure morbidity: ~aw |3 "
- 3 peripancreatic fluid collections N & W s W B % @ |
i KIS W S S

- 2 mild grade pancreatitis ]

1000
] —
———aW
N
14 .
...
T T Gemelli

1 Agostino Gemelli IRCCS
Universita Cattolica del Sacro Cuore

/) POLITECNICO MILANO 1863

GA 759159 Opﬂmo /



POLITECNICO L PVSE H
!/ MILANO 1863

GA 759159 O pT | maqQ ,

Laser su misura per il trattamento dei tumori

Grazie!

Paola Saccomandi, PhD

Politecnico di Milano
Department of Mechanical Engineering
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