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●Laser tissue-interaction: from mathematical model to clinical practice

Laser in medical 

applications

Ophthalmology Surgery

CosmeticsDentistry

Pain relief
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●Laser tissue-interaction: from mathematical model to clinical practice

Final aims of optimal thermal ablation

✓ Necrosis of the whole tumor 

(+ safety margins)

✓ Minimize the thermal damage to the 

surrounding healthy tissue

TUMOR

liver

NIR laser fiber TUMOR

liver

NIR laser fiber

TUMOR 

necrosis

Laser Ablation 

increases tissue temperature 

(>50 °C) 

to induce coagulative tumor necrosis
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Inoculation of gold nanorods in tumor

1. Nanoparticles
Tumor targeting and selectivity

Mooney, ..,Saccomandi Int J Hyperthermia 2017

(surface plasmon resonance)

•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

4.Thermometry
Real-time feedback

Endoscopic/

percutaneous 

guidance 

of laser fiber 

in tumor

Di Matteo, Saccomandi Gastrointest Endoscopy 2014,2016

3.Laser ablation
Tumor treatment

2.Therapy planning
Defining optimal LASER settings

•Numerical model of temperature map in 

tumor during NIR LASER ABLATION

•Simulation 

NIR laser-AuNRs-

tissue interaction

•Analysis of pre-operative 

patient images

Saccomandi IEEE Trans Biomed Eng 2012

Saccomandi, Las Med Scie 2016
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●Laser tissue-interaction: from mathematical model to clinical practice
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●Laser tissue-interaction: from mathematical model to clinical practice

Mechanisms of laser-tissue interaction
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●Laser tissue-interaction: from mathematical model to clinical practice

incident photon

transmitted 

photon

refracted 

photon

reflected photon

X
absorbed 

photon

scattered 

photon

scattered photon

Biomaterials are 

complex structures, 

so any combination 

of interaction with 

light is possible.

Biomedical Optics: fundamentals
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●Laser tissue-interaction: from mathematical model to clinical practice

incident photon

X
absorbed 

photon

Absorption:
the loss of light as it 

passes through the 

tissue, and it is 

converted into another 

energy form

energy

X

X
scattered 

photon

Scattering:
change in the 

direction of motion 

of a particle after 

collision with another 

particle

Biomedical Optics: fundamentals
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●Laser tissue-interaction: from mathematical model to clinical practice

advantages of reduced 

absorption and scattering 
→ deeper penetration of light 

inside tissues

Biomedical Optics: fundamentals

The ability of light to penetrate a tissue 

and deposit energy in tissues is key to therapeutic applications
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●Laser tissue-interaction: from mathematical model to clinical practice

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. 

𝐼 𝑧 = 𝐼0 ∙ 𝑒
−𝜇𝑒𝑓𝑓∙𝑧

Lambert-Beer law – Phase function 
attenuation (scattering and absorption)

Absorption
coefficient
µa [cm-1]
~0.1 cm-1

Scattering
coefficient
µs [cm-1]

~100 cm-1

Anisotropy
coefficient

g
~0.95

𝜇𝑒𝑓𝑓 = 3𝜇𝛼[𝜇𝛼 + 𝜇𝑠(1 − 𝑔)]

“The Deeper the Glass, the Darker the Brew, 
the Less of the Incident Light that Gets Through”
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Laser Power 
meter

Laser Nd:YAG

1064 nm

μa , μs , g 

start

Laser-tissue

model

(Monte Carlo)

Rd , Tc , Td

estimated

Threshold

error

?

Optimization

μa +Δμa

μs +Δμs

g +Δg

No

Accepted

parameters

Yes

0,01  0,96 = g

cm 4  539 = 

cm 3  56 = 

1

1







−

−

s

a





Rd measured

Td measured

Tc measured

Model of photons
propagation in the

tissue

µa

µs

g

●Laser tissue-interaction: from mathematical model to clinical practice

Optical properties estimation
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ai=f(D/L)

L

D

●Laser tissue-interaction: from mathematical model to clinical practice

μa,t

μs,t

g μa,t

μs,t

g

μa,t

μs,t

g

μa,n

μs,n

g



GA 759159

●Laser tissue-interaction: from mathematical model to clinical practice

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

AuNRs settings

Laser settings

2.1 W

0 μg
12.5 
μg

25 μg 50 μg

3 W

0 μg
12.5 
μg

25 μg 50 μg
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●Laser tissue-interaction: from mathematical model to clinical practice

Thermal outcome in living tissues
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●Laser tissue-interaction: from mathematical model to clinical practice

Vaporization

Damage

Dewhrist, 2003  Proc SPIE Int Soc Opt Eng.

T [°C]

t 
[s

]

Thermal outcome in living tissues
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●Laser tissue-interaction: from mathematical model to clinical practice

Numerical Model approach to:

•plan the therapy (optimal settings)

•predict the outcome
Control ?
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●Laser tissue-interaction: from mathematical model to clinical practice

Heat transfer modeling
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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.

Model inputs:

• mechanical tissue properties

• thermal tissue properties

• optical properties

• temperature dependent properties

• defined geometry of the tissue 

domain and of the laser fiber 

applicator

Models should account for:

influence of the soft tissue properties, 

presence of blood vessels, ..
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●Laser tissue-interaction: from mathematical model to clinical practice

Hyperthermal treatment planning (HTP) systems

1. Generation of 

the patient 

model

2. Finite element analysis

based on individual

patient anatomies

3. Calculation of 

temperature 

distributed into the 

tissue

Scott, S.J., Adams, M.S., Salgaonkar, V. et al. J Ther Ultrasound (2017) 5: 10. https://doi.org/10.1186/s40349-017-0090-2. Open Access
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●Laser tissue-interaction: from mathematical model to clinical practice

Hyperthermal treatment planning (HTP) systems

1. Generation of 

the patient model
2. Finite element analysis

based on individual

patient anatomies

(mesh generation)

3. Calculation of temperature 

distributed into the tissue

COTIN, Stephane. "Interactive planning of cryotherapy using physics-based simulation." Medicine Meets Virtual Reality 21: NextMed/MMVR21 196 

(2014): 423

•no segmentation

→short computation time 

(30 s)

→real time use
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●Laser tissue-interaction: from mathematical model to clinical practice

Thermal damage

( )

0

(0)
( ) ln

( )

aE

RT tC
Ae dt

C






− 
 
 

 
 = = 

 



=

−
=

n

1i

iT43
i Rt43CEM

)(

Cumulative Equivalent Minute:
Conversion of any time–
temperature history to an
equivalent number of minutes of
heating at 43 oC

Arrhenius calculations in numerical 
models can be used to predict the 
probability of irreversible thermal 
damage
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●Laser tissue-interaction: from mathematical model to clinical practice

Thermal damage

Temperature increase

Laser energy

Absorption
tissue

laser

Measurement
of thermal
effects!
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Thermometry during thermal therapies

CONTACT 
(invasive) techniques 

Thermocouples Fiber Optic Sensors
Computed

Tomography
Ultrasound

CONTACTLESS 
(non-invasive) techniques 

Magnetic 
Resonance 

Imaging

●Thermometry during laser therapy
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●Thermometry during laser therapy: fiber optic sensors
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●Thermometry during laser therapy: fiber optic sensors
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●Thermometry during laser therapy: fiber optic sensors

Measurement error
due to breathing
motion
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● Thermometry during laser therapy: MR Thermometry

MR imaging and in vivo laser ablation

Needles placement
(laser and FBGs)

MR imaging Laser Ablation 

2-3 W
1000-1200 J

Nd:YAG, 1064 nm, CW
265 μm fiber

Anaesthetized animal
Compliance with 

directive 2010/63/EU 
and 3Rs principles
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MR thermometry

A B

C
D

Kidney Liver

A B

C D

● Thermometry during laser therapy: MR Thermometry
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●Laser tissue-interaction: from mathematical model to clinical practice

Thermal damage

Temperature increase

Laser energy

Absorption
tissue

laser

Patient
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●Laser tissue-interaction: from mathematical model to clinical practice

Laparotomy

Laparoscopy Robotics

Endoscopy/Percutaneous

Big cut, 
good surgeon!
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Surgical diseases treatment evolution

●Laser tissue-interaction: from mathematical model to clinical practice
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Which approach?

Echoendoscopy Percutaneous approach

●Laser tissue-interaction: from mathematical model to clinical practice
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Why laser ablation for malignancies treatment?

Capability to reach “difficult locations”

●Laser tissue-interaction: from mathematical model to clinical practice
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Major operator ergonomics and less

patient’s trauma

RFA probe
Laser probe

●Laser tissue-interaction: from mathematical model to clinical practice

Why laser ablation for malignancies treatment?
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Hepatocellular Carcinoma

Liver Metastases

Thyroid nodules

Pancreatic diseases

Biliary tree tumors

Clinical application of LA

●Laser tissue-interaction: from mathematical model to clinical practice
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Pancreatic diseases

●Laser tissue-interaction: from mathematical model to clinical practice



GA 759159

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

No intraprocedural complications

9 mm ablated area at 1-year follow up

●Laser tissue-interaction: from mathematical model to clinical practice
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9 patients

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

●Laser tissue-interaction: from mathematical model to clinical practice
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No intraprocedural complications

Post-procedure morbidity: 

- 3 peripancreatic fluid collections

- 2 mild grade pancreatitis

●Laser tissue-interaction: from mathematical model to clinical practice
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Laser su misura per il trattamento dei tumori
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