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Photodynamic Therapy

* First clinical approval 1993 (Bladder Cancer)
e 16 K publication 1993-now containing ‘clinical’ or ‘patient” as keywords
e 70 ongoing clinical trials in oncology (superficial ~45 vs. interstitial ~20)

» Approval based on administered Photosensitizer [mg/kg] and delivered
optical energy [J cm™], [J cm™], or [J]

* Benefit of repeat therapies - particular for immune response.



Trans Surface Accessible Deep Seated or Solid Target

lllumination
* Large surface area illumination e Source number volume
- Photon density gradient given by ~ dependent
1/ * Photon density gradient given by
« Possible Photosensitizer gradient 1/mr pogor 1/mr? g
 Lack of eloquent structures * Eloquent structures can be
 Exception Bladder present
* Good healing * Necrotic tissue removal
* Curative therapy — First line * Salvage therapy

therapy * Exception Prostate, GBM



Interstitial Photodynamic Therapy
Current Treatment planning concepts

* Drug dose [mg/kg], Energy delivered [J or J/cm or J/cm?], heuristic Light
source placement, spacing determined by tissue and PDT wavelength

* Validating Light source placement, dose definition and progress monitoring.
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Example iPDT for Malignant Glioma
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Lietke S et al. Interstitial Photodynamic Therapy Using 5-ALA for Malignant Glioma
Recurrences, Cancers 2021, 13, 1767. https://doi.org/10.3390/cancers 13081767
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Photosensitizer ! Oxygen 1 Bio-molecule | Tissue
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Monitoring

Energy [ev]

N Planning
Photo-physics Photo-chemistry Photo-biology

Photodynamic Therapy needs temporal and
spatial overlap of Photosensitizer, Oxygen and
Photons with appropriate quantum energy



Light delivery Outer surface
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Surgical access allowing surface PDT
applications
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Fluence Dosimetry in Cavity
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ZhuTCet al. Light Fluence Dosimetryin Lung-simulating Cavities Proc SPIE Int Soc OptEng. 2018 ;10476:.d0i:10.1117/12.2291355. 10



Bladder Surface Irradiance homogeneity

Surface area !

173.6 cm? = ~12 mW cm??

Irradiance [mMW cm?]

-

14 mw cm-2

- 36mW cm?

Surfacefraction [%]

Lilge L, Wu J, Xu Y, et al. Minimal required PDT light dosimetry for Non-Muscle Invasive Bladder cancer. Journal of Biomedical Optics, 25(6), 068001, (Z0R0)



Photosensitizer based Surface Dosimetry
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IPDT treatment plan based on Templates and
Clinical Imaging

Transrectal ultrasound (TRUS) images
acquired in the operating room

f Structures definition \ Targets and ?regc;?gri?t risk (urethra
) 'l' . 150 mW/cm for 1333 sec
ngohtti?:i;r:t)iztl;on The action model (Based on light
L P ) penetration model)
l 1/l 3.8-7.1mm@ 753 nm

Fibres, positions on the grid and

Optimal dose display lengths of the diffusing tip

[ Treament planning ) Light distribution
evaluation
. v,
i
N. Betrouni et al. Vascular targeted photodynamictherapy with TOOKAD® Soluble Images Courtesy of Colin Hopper. UCL UK
(WST11) in localized prostate cancer: efficiency of automatic pre-treatment 13

planninglLasers Med Sci (2017) 32:1301-1307 DOI 10.1007/s10103-017-2241-7



Speed

MCX (GPLv3)
2009
/Fang, Boas/

MCX-CL (GPLv3)
2012/2018
/Yu, Kaeli, Fang/

FullMonteCUDA (BSD*) 2019
/Young-Schultz et al/

MMCL (GPLv3)
2020
/Fang, Yan/

Courtesy of Q. Fang, Boston

Anatomical
Accuracy

mcxyz (BSD) tMCimg (BSD)

?? 2002
/Jacques/
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YMC3D (MIT)
2018
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2010
/FangYan,/
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2018
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2021 2018
/Yan, Fang/ /Cassidy et al./

Usability

MCmatlab (GPLv3)
2018
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ValoMC (MIT)
2019
/Leino etal./
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Speed in performing light propagation models

Discrete method: Continuous method:
Ngources —d
NS P 3.ug' —-d 2.6 e /s
S b(d) = _ _e~dn Hetr g —p =2 _° °
F] q)( ) Ldiffuserlength 4-‘”7-dn ¢(d) P T[.dIZTl'.,ua.é‘z

n=1

Table 2: Relative deviation computed for different source lengths; the mean is computed for
all distances.

Discrete method Continuous method
Source length Mean (SD) Max deviation Mean (SD) Max deviation
(mm)
10 4.94% (2.38%) 8.00% 11.16% (7.18%) 19.10%
15 4.70% (4.41%) 15.38% 24 .31% (6.40%) 32.77%
20 1.05% (1.23%) 4.24% 27.40% (3.94%) 30.56%
30 1.70% (1.71%) 5.56% 28.61% (4.21%) 32.65%
40 0.91% (1.46%) 5.00% 30.12% (5.14%) 37.50%
50 1.89% (1.34%) 4.49% 29.48% (4.77%) 35.96%

C. Dupont etal. 5-ALA PhotodynamicTherapyin Neurosurgery, Towards the Design of a
Treatment Planning System: A Proof of Concept. Innovation and Research in BioMedical
engineering, Elsevier Masson, 2016, 10.1016/j.irbm.2016.11.002. hal- 01403867
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What Dose is Monitored or Planed for ?

* Power or photon density, photosensitizer bleaching.

* Outcome determining parameter, direct or indirect reporter.

Dlrect dose . Photoeerllsilizer . Oxygen . Bio-molecule . T.?sm .
. "li I"' S\ \ E I,_ .y A V!
Triplet dose S , |
\Ps t-:‘lD-?s "1;""5 1~ 848 nr : . .
. § B S N Biological response
. e [ s
Implicit dose il , E( £
PS +=107s E 50, g_ T
. . | ,-l I-. L
Explicit dose | Y - Y Y

B. C. Wilson, etal. Lasers Med. Sci. 12(3), 182-199 (1997). 16



Imaging based PDT Efficacy monitoring
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Mallidi S et al. Prediction of Tumor Recurrence and Therapy Monitoring Using Ultrasound-Guided
Photoacoustic Imaging Theranostics 2015; 5(3): 289-301. doi: 10.7150/thno.10155
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Apoptosis Imaging based PDT Monitoring
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Monitoring Hemodynamic changes online
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Photosensitizer and Sensor Combination
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What Dose is Monitored or guides Planning ?

a Photosensitizer ' Oxygen 1 Bio-molecule ! Tissue
Direct dose H M | i
Triplet dose |
Implicit dose % |
Explicit dose i 5
1 ! >
I
r | '
Photo-physics Photo-chemistry Photo-biology

Wilson BC et al. Lasers Med. Sci. 12(3), 182-199 (1997).



Indirect Singlet Oxygen Dose Metric
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Multiparameter Dose
approach
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Intra-operative fluence rate measurements
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Intermezzo

* Treatment progress monitoring appears feasible
* q) (rl t)l [PS] (rl CD) ) [302] (rr (D) ) [102] (CD) N Fhotosensitzer ; Ox’:"e" ’ Bi”fbc"b T'?sm
* What is the target PDT dose? Tt e H e

* Was the original plan for PDT

* Optimal light delivery (outcome) 3 crors |

)
il

* Personalized y r
 What s the target PDT dose?
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Photochemical Dosimetry
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Beeson K et al. Overview of computational simulations for PDT treatments based onoptimal choice of singlet
oxygen Optical Methods for Tumor Treatmentand Detection: Mechanisms and Techniques in Photodynamic
Therapy XXVI, 100470R 2017 doi:10.1117/12.2252552

Simulation Parameters for Photofrin®™
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Dosie™device
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What do we know about the inputs for iPDT
optimization/personalization

L Sha pe N Photosensitizer Oxygen Bio-molecule Tissue
* Medical imaging helps 5 :
* Optical Properties "l m i
* Spatially resolved online monitoring |58 [ E o e
* PS Kinetics Pl M§_C_
» fMRI BOLD ’ ’
* Oxygen Concentration e e

* DRS, fMRI BOLD

* Biological response of different tissues
e Very little.



Free Space Light source placement

Offline planning Online Monitoring CT Online Monitoring CT

Planned sagittal section

Rigid registrationand non
deformation allows for
robotic needle insertion

Images Courtesy of Colin Hopper. UCL UK Final sagittal section appearance

Jerjesetal. 2009 Lasers in Medical Science



Free Space Light source placement

Images Courtesy of Colin Hopper. L%p UK



Robotic controlled light source placement

Scattering part

Scattering Part

Projected fiber on the
plane

‘ | Light sources | Flvuaellr];:e
| T: t 1 | properties . N
DICOM 3 Leksell arge " definition Dosimetry definition
loading registration volume ‘ computing T
‘ definition | " Insertion reatment
‘ lannin time
P g estimation

d) = P. :
() m.d 2m. u,. 6°

C. Dupontetal..5-ALAPhotodynamic Therapy in Neurosurgery , Towards the Designof a Treatment PlanningSystem :AProof 3 1
Leksell frame of Concept. Innovation and Research in BioMedical engineering, 2016,10.1016/j.irbm.2016.11.002.hal-01403 867




Planning in the absence true W,

Table 1. Parameters specifying thereduced scattering coefficient of tissues: a = 1¢}500 nm. such
that /t ') = u(A/ﬁ()O nm)~?, equation (1); aa = £{500 nm. such that (%) = uu(tR,\(//SOO

nm)~? + fw.L(A/iOO nm)~PMie), equation (2): and fzie = | — fRray- (na = not available.) 102
# a(em™) b a (em™") fray  Dwmie Ref. Tissue
Skin
1 489 1.548  45.6 022 1.184  Skin Anderson et al 1982 — Yellow pigment
2 47.8 2453 429 0.76 0351  Skin Jacques 1996 g 0 \ A
3 37.2 1.390  42.6 040 0919  Skin Simpson et al 1998 E, 10 .
4 60.1 1.722 583 031 0991  Skin Saidi et al 1995 E
S 29.7 0.705 364 048 0.220  Skin Bashkatov et al 2011 =
6 453 1.292 43.6 041 0.562  Dermis Salomatina et al 2006 %
7 68.7 1.161  66.7 029  0.689  Epidermis Salomatina et al 2006
8 30.6 1.100  na na na Skin Alexandrakis et al 2005 8 1 0.2
Brain S‘
9 40.8 3.089 408 0.00 3.088  Brain Sandell and Zhu 2011
10 10.9 0.334 133 0.36  0.000  Cortex (frontal lobe) Bevilacqua et al 2000 2
11 11.6 0.601 15.7 0.53  0.000  Cortex (temporal lobe) Bevilacqua et al 2000
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Experimental Methods fo
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Beigzadeh AM et al ANew Optical Method for Online Monitoring of the Light Doseand
Dose Profilein Photodynamic Therapy. Lasers inSurgery and Medicine 52:659—-670(2020)
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Spatially Resolved Optical Properties Recovery
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Blood Volume And Flow Was Shown To
Correlate With PS Uptake.

S0000
45000
§ 40000
e
S 35000
&
i
o
S 30000
o
25000
ml / 100g i ml / 100g / min 20000 .
0 20 40 a0 a0 100
——— Normal P :
70 S U 100 - #Normal Pancreas a. Blood Flow (mL/minf100g)
——a— Tumor Core @ Tumor Rim
R Arterial Input Function + 7 9 OTumor Core
2 ——— go{ ™
= 50 1 -- -<
c -~
o =
[ 60
g 50000 1 2
& 30 4
<< 40 4
£
> 45000 -
g 10 1 20
] —
) e T
25 50 75 100 0 & 40000 1
10 Blood Flow Blood Volume PS Product el
e. Time (sec) f.  (mumintoog) (mL/100g) (mUmin/100g) 3
= 35000 -
&
i
o
S 30000
(™
25000 1 7~
20000 . '
li] 5 10 15 20 25 0

J.T.Elliottet al. Acad Radiol 2015; 22:572-579 b. Blood Valume (mL/100g) 36 36



Tissue response to PDT
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Clinical implementation Prostate
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Treatment Planning using PDT-SPACE

1014

A.-A. Yassine, W. Kingsford. Y. Xu, et al. Automaticinterstitial
photodynamictherapy via convex optimization Biomed. Opt. Express, 2018
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PDT-SPACE FOR TREATMENT PLANNING
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Outcome Predictions for Spinal Metastasis
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Approach o Actions:
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__________________________ —_ PDT-iS PACE
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IMPACT OF OPTICAL PROPERITES VARIATION
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Considering ideal versus real dectors.
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fMRI to adjust PDT planning input parameters
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Summary

Precision iPDT using Anatomical detail is realized.

Monitoring for personalize tissue optical properties required

o Possibly under sampled by sensors

o Need to employ clinical functional Imaging for heterogenous
Predicting local pO, is possible using fMRI resolution

o k for oxygen has been determined

Predicting local PS distribution might be possible based on Blood Flow
and Blood Volume

o Needs to determine the bi-directional extravasation coefficient, k,
of each photosensitizer

Most importantly one needs to know the tissue response
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Standardized reporting of PDT response

ALA induced PplX mediated PDT in vitro TLD1433 mediated PDT in vitro
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FullMonte

Fast Tetrahedral based photon propagation simulator

Open-source, rich set of input, output, and analysis tools

Robust framework for statistical verification

Data formats shared with class-leading visualization tools (.vtk)

Reads and write file formats from other similar simulators, (TIM-0S, MMC, COMSOL (finite-element
simulations),and MCML)

Platform Linux, Windows and Mac IO

Your Infrastructure Cloud (AWS)
Docker images for SW FullMonteWEB
Https://gitlab.com/FullMonte/FullMonteSW Htto://fullmontesuite.herokuapp.com/application/
CUDAAccel Access to GPU version
https://gitlab.com/FullMonte/cudaaccel
Access to PDT-SPACE
MeshTool
https://gitlab.com/FullMonte/MeshTool
PDT-SPACE T Young-Schultz, SBrown, etal. FullMonteCUDA: GPU-accelerated Monte

Carlo Simulatorfor Light Propagation BOE 10 (9) 4711-4726 (2019)
https://gitlab.com/FullMonte/pdt-space A.-A. Yassine, W. Kingsford, et al. Automatic interstitial photodynamictherapy
via convex optimization Biomed. Opt. Express, 2018.

J Cassidy, S Lia et al. FullMonte high-performance, customizable Monte Carlo 49
biophotonic simulator” JBO (2018)
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