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DNA

- Direct damage to the
DNA: double strand break

- lonization starts
chemical reactions
which end in DNA
damage. It can be

repaired Excitation = %

== Direct DNA

ionization damage

— lIsolated
damage

It depends on the particle

The effect is expressed in survival curves of cells in
vitro / animals in vivo
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To have 10% survival it will be necessary to
give a dose of 6 Gy with photons, but less
than 2 Gy with alpha particles, because their
damage is more direct.
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Photon Radiotherapy (conventional)

Photons

- -
¢ lonization.
,Y JNH\F( %LK Damage the DNA on their track
Y M i--__ﬂ___{:‘r

e External irradiation.

* The most important is
the geometry.

* Healthy tissue is also
damaged.




Boron Neutron Capture Therapy (BNCT)



Nuclear reaction

Neutrons /

Indirect ionization.
There is no damage until a

N J 4>—'\£ : % nuclear reaction takes place

Nuclear reaction in BNCT:

10B(n,at)’Li 10 B a
Neutron

Range < 10 um 71 :
Li and a, relatively high energy LI

Lot of damage in a minimum space

v

The cell is totally destroyed after the reaction




Accumulate the boron in the tumour cells: .

then

Irradiate with neutrons:

O Healthy cell

Tumour cell with
& Boron compound

BNCT: dual radiotherapy selective at cell level




BNCT: Clinical results

Glioblastoma (mortal brain tumour) Recurrent head and neck cancers

1 week prior to BNCT ' 2 weeks after BNCT
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Kouri et al. Radiotherapy

. :l‘ - ) ,
and Oncology, 2004.
Joensuu et al. Journal of Neuro-Oncology, 2003.

Also: melanoma, liver metastases, etc.

In all the cases there were good results on the palliative care.

The quality of life of the patient is improved. 1 day treatment



Until now: Neutron beam requirements for BNCT:

Reactors Epithermal neutron flux > 10° neutrons/cm?s
(at the therapy position)
Neutron energy 1 eV to 10 keV @ !tAtE&m S
Gamma dose rate < 1Gy/h

Fast neutron dose rate < 0.5 Gy/h

103

Moderation

BNCT(
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102

Loss of neutrons

10!

Gamma creation

109

Patients at reactors in: Japan,
Finland, Argentina, USA,
Netherlands, Sweden, Taiwan...

Other Disadvantages:
Expensive
Far away from hospitals

Absorbed dose per fluence (pGy cmz)
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Future:

Accelerators 1200
. . 31000 |-
University of Tsukuba s
Neutron Beam | — §sof
Proton Beam /// | 2 600
Patient ¢ |

400 |

200 -

Neutrons from (p,n) reactions

Almost no moderation required
Other Advantages:

- They can be built at hospitals
- Less radioactive waste production

Accelerator—based epithermal n
—l—rrrnTr|—|—rrrnTr|—|—rrrr|T|]—l—|—rrrrrr|—|—rrrrm]—

“C(d,n)”N
E;=1.5 MeV

LiF Moder. (25 cm)

Li(p.n)'Be
E,=1.95 MeV

BeO Moder, (8 cmY 1

Pt Reflector

Neutrons have the appropriate energies for BNCT

EPITHERMAL

eutron sources
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FAST

Nuc. Inst. Met. Phy. Res. A 476 (2002) 123-126



Clinical BNCT
accelerator

BNCT research
accelerator

Clinical BNCT
Reactor

Table of BNCT accelerators (isnct.net)

More accelerators dedicated to
BNCT

&

more patients

&

more clinical experience

It is expected to become a
common radiotherapy in the
future!



https://isnct.net/bnct-boron-neutron-capture-therapy/accelerator-based-bnct-projects-2/

PhD Project

Biological Dose




Thermal neutrons, D;
(capture on nitrogen)

®r (capture on hydrogif\)

There are other reactions in the tissue

Gamma emission, D

'H (n,y)*H

QQH

Capture on boron, Dy . a
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m 14N .
@ "“N (n,p)™C
/
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Fast neutrons, Dy D
(elastic collisions) f
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B / H(nn)p ®
O - .\
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. . B (n,a)’Li

Physical Dose: D = D; + Df + D, + Dpg




Physical Dose: D = Dy + Df + D, + Dg

Biological Dose:
Dy =wy Dy +w; De+w, D, + wp Dg =

Weight each dose with a factor
(Relative Biological Effectiveness (RBE) or weighting factors)

Compare with a known effect
(Reference photon Dose)




From survival curves after in vitro (cells) or in vivo (animals) irradiations

100%
They depend on the
S 10% _ D, particle, energy of the
> RBE or Wractor = F particle, particle LET,
a L tissue, dose, survival,
ik etc..
Radiation Reference DW = Wy Dt + Wf Df + wy Dy + Wpg DB — DO

| under study radiation, photons

weighting factors (Coderre et al.)

w,=w,=3.2 w, =1 wg(BPA) = 3.8 (tumour)
wg(BPA) = 1.3 (Healthy tissue)



DWEWt Dt +Wfo+W)/D]/+WBDB=D0

weighting factors (Coderre et al.)

® Slmple fOI"mallsm Wt=Wf=3'2 Wy:]- wg(BPA) = 3.8 (tumour)
wg(BPA) = 1.3 (Healthy tissue)

* w; used as constants, but by definition they are not constants

* w; experimentation with few tissues and then extrapolated to others

* Thermal factor and fast factor assumed equal,w; = w /, due to the difficulty to
separate them

*w, = 1 (effect equal to reference dose), due to the difficulty of isolate photon
effect on a neutron beam

e daoments _




Theoretical developments




Introduce the LQ model and make equal the biological effect of BNCT and

a reference photon irradiation:

—log$ = a;Dy + ay Dy +aoD, + BoDy + agDp = ayDy + By D§

0.1 4

BNCT effect

True constants
(only depends on the tissue)

DZ
Epncr i t B+D +—F

ao/ Lo
Applled Radiation and Isotopes 157 (2020) 109018

Contents lists available at ScienceDirect

Applied Radiation and Isotopes

journal homepage: http://www.elsevier.com/locate/apradiso
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https://www.sciencedirect.com/science/article/pii/S0969804319305421

Experiments




Thermal neutrons, D,

Survival after irradiation to study the biological effect i) 9

n

Gamma emission, D,,
(capture on hydrogen) Y

P

n
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. A /
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24y
. Dose (Gy)
1. Sample preparation « Facility and beam T (Gy)
2. Irradiation =
3. Survival assays * Set-up and Monte Carlo simulations ﬁ






Clonogenic assay:

Colorimetric assay:

Well radius :
Colony radius [_z—_]: to @_:'
Image threshold [0 |[3] to  [100 ]2
—
(eep all colonies D;
ess than or equal to =
Select well Count colonies

Tt

Save results

CellCounter v0.2.1 by Nghia Ho

.
f
!

Survival results from this assay

Max.
Irradiation

Intermediate
Irradiations

Min.
Irradiation

Resazurin

Blank CT

Max.
Irradiation

Intermediate

Min.

Irradiations

Irradiation




Experiment at the hospital LINAC



HOSPITAL UNIVERSITARIO VIRGEN DE LAS NIEVES
HOSPITALES € GRANADA
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Exp.V: Dy inac = Do(reference dose=photons)
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Experiments at [LL neutron beam
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ILL beam: mainly low-energy neutrons

Fast neutrons & . 1010
Ballistic guide gammas 3
L 10° | .‘—. T
'q? E 108 ‘
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z' O/Q q_? 104 |
08 c
%, 2 ,
qD %6 48' 103
z . | , | | , | , Il m B
10 10° 108 107 10° 10 104 103 1072 107 1 10
Neutron Energy (MeV)
The bent guide allow cold neutron to Compared to other beams (that have been
follow the folded path while fast neutrons used for BNCT irradiations and biological

and gamma cannot experiments), ILL beam is really “clean”
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$ : . .
* The samples need to be prepared in a > P2.Iab inside ths IIIIIJ
level P2 lab (instruments hall)

* We need a lot of samples
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Materials with less gamma emission as .
possible: quartz cuvettes and LiF shielding mosH

2.00 mm

Cells need to be in culture media, but the more
culture media, the more gamma creation
(Hidrogen...): 2mm thick cuvettes

Limited irradiation time: two samples at the same time

—

Cuvette 2 Cuvette 1

ILL beam: mainly low-energy neutrons, with less gamma as possible
Thermal neutrons, D Dt Dy
____________ i Bt e (capture on nitrogen) p Gamma emission, D,
Teflonholder T T | N # 14N (capture on hydrogen) v
@ ‘ N (n,p)™C n
Culture medlumI ...... I < Neutron beam / @ /. 'H (n,y)*H
......... L ‘14C ‘ 2H
Quartz Cl;;;;:t-es Y
Layers of
attached cells LiF collimator
=. EXpI DILL — Dt + DY > Wi
LiF Beam Stopper
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MCNPX Monte Carlo simulations to “predict” neutrons behavior and calculate

the doses

Thermal dose, D, (Gy/min) Gamma dose, D, (Gy/min)
Cuvette 1 Cuvette 2 Cuvette 1 Cuvette 2

A375 0.095 0.044 0.021 0.016

Cal33 0.044 0.021 0.021 0.016

U887 0.037 0.017 0.021 0.016

$SQ20 0.044 0.044 0.021 0.016

HEK293 0.027 0.013 0.021 0.016

MRC5 0.052 0.024 0.021 0.016

Neutron dose higher than gamma dose

Nuclear Inst. and Methods in Physics Research B 462 (2020) 24-31

Contents lists available at ScienceDirect =| .m 5
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Neutron radiobiology studies with a pure cold neutron beam )
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M. Pedrosa-Rivera®™", M.J. Ruiz-Magana®, I. Porras’, J. Praena’, P. Torres-Sanchez’,
M.P. Sabariego”, U. Késter”, T. Forsyth?, T. Soldner”, M. Haertlein®, C. Ruiz-Ruiz®


https://www.sciencedirect.com/science/article/pii/S0168583X19307396
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Article

1
. cells

A375
2.05+0.43
1.83+0.42
1.37+0.34
1.041+0.26

Hek
7.701+0.42
6.69+0.38
4.701+0.27
3.4610.20

Cal33
4.60+0.56
4.0510.52
2.92+10.41
2.18+0.31

MRC5
3.16+0.73
2.97+0.74
2.4510.66
1.991+0.55

us7
5.90+2.74
5.7913.03
5.4013.23
4.9013.07

Cells 2020, 9(10), 2144

Q20
4.571+0.79
4.021+0.73
2.9010.56
2.1610.42

Thermal Neutron Relative Biological Effectiveness
Factors for Boron Neutron Capture Therapy from

In Vitro Irradiations

Maria Pedrosa-Rivera 1, Javier Praena !, Ignacio Porras 1'*(", Manuel P. Sabariego !,

Ulli Kister 202, Michael Haertlein 23, V. Trevor Forsyth 234, José C. Ramirez ®, Clara Jover ?,
Daniel Jimena 5, Juan L. Osorio 5 Patricia Alvarez 6@, Carmen Ruiz-Ruiz ** and

Maria J. Ruiz-Magaia 0

Survival fraction Survival fraction

Survival fraction
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https://www.mdpi.com/2073-4409/9/10/2144
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Cold neutron irradiation | Boronophenylalanine (BPA), boron compound
@)
OH
HO. NH,

B

+ OH

Capture on boron, Dg ‘ a Dg

Thermal neutrons, Dy Gamma emission, D,
(capture on nitrogen) | 2 (capture on hydrogil)f\) 1% , 108 /
. - 4 o ' B (n,a)7Li
.—‘ “Nmp)"C @ ®  H(nyH :
/ / )

2
®- = @

Exp.Ill: Dypp+ppa = Dy + D), - wpg
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Experiments at CNA neutron beam



Centro Nacional de Aceleradores

Epithermal neutron beam: protons in a Li target
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: Q Iw mm Proton beam

g 1x107 ¢ ML Ty T T AL E
-\ " : ILL — °
/ Al: 0,075 g CNA - - - -- '
. SR | ~ 1x108 E
Water " Space for § oo
refrigeration  lithium target g i V! .
g 1x107 ¢ ." : E
c E ’ 1
> v .
5 1x10° ' : E
E X |
o .’ :
5100000 sl Ui v
= 1x10710 1x10® 1x10® 0.0001 0.01 1

Neutron energy (MeV)



Centro Nacional de Aceleradores

Cuvettes
1234
B TS Photons generated in the target: Pb before samples to
Li target | StOp them
High neutron energies (higher penetration without high
energies variation): we can irradiate 4 cuvettes at the
’ ‘ ‘ ‘ same time
‘iLa;ervso'f
attached cells

5x1010 T T T T T T
4.5%1010

. | Neutron dose higher than gamma dose
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EXpr DCNA = Df + D)/ > Wy

~~~~~
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5x109 e
0 ]

Energy (keV)



Centro Nacional de Aceleradores
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Irradiation

R o, Bo

Photons

HOSPITAL UNIVERSITARIO VIRGEN DE LAS NIEVES

HOSPITALES ¢ GRANADA |

(reference)

> w; for A375, Cal33, U87, SQ20, Hek, MRC5

> a,, B, induced from neutrons (for Hek)

" NEUTRONS

y /
'll Low-energy neutrons <

......

Dy =w; Dy +

Df+WBDB+D +

> Wpg for A375, Cal33, Hek, MRC5

D¢ +w, D, +WBDB—D0

DZ
ag/Bo

_DO‘I‘

y/ﬁy

Epithermal neutrons

> Wy for A375 (preliminary data)



Irradiation

ay, Po

IV‘Q'FQI"QY\I‘Q\

weighting factors (Coderre et al.)

Photons >

3
I

4 = 3.2 w,=1 wg(BPA) = 3.8 (tumour)
HOSPITAL UNIVERSITARIO VIRGEN DE LAS NIEVES Wpg (BPA) =1.3 (Healthy tiSSUG)

HOSPITALES @ GRANADA < > w; for A375, Cal33, U87, SQ20, Hek, MRC5

> a,, B, induced from neutrons (for Hek)

B FOR SOCIETY. - wg for A375, Cal33, Hek, MRC5

A375 (melanoma) weighting factors

Thermal Fast Boron
w; =2.0510.43 wp =5.512.5
w; =3.5¢1.4 wg =9.216.8

Epithermal neutrons > Wy for A375 (preliminary data)



Concluding remarks

* BNCT is an experimental radiotherapy that showed promising results in patients.

* It is expected that became more important in the coming years due to the construction of
accelerators.

* PhD motivation: A revision of the current model for biological effect estimation is advised.
Since the cellular damage arising from neutron irradiation depends on different factors, its
study requires a wide range of experimental data

* A theoretical approach more realistic, but simple was proposed.

* Experiments in three different beams and for different cell lines (melanoma, glioblastoma,
H&N and healthy tissues) allowed to get the RBE for the different dose components
separately.

* The large amount of data obtained from the different irradiation studies of the various cell
lines will be of value for a better understanding of BNCT dosing, and thus for a better _om,
individual adaptation of the treatment to patients. ] 'll ,
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¥ Thank you for your attention! |-
Gracias por vuestra atencion!
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