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The role of radiation therapy for cancer treatment

 Approx. 500.000 new cancer diangosis per year in Germany*

 Three important pillars for the treatment of cncer today
Surgery Chemotherapy Radiotherapy

e Radiotherapy is involved in >50% of all cancer treatments
> As primary treatment or in combination with other modalities

e ~50% of all cancer treatments are successful
e > 65% patients with non-curable cancers receive
palliative radiotherapy

 Radiotherapy is a localised treatment method
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- Radiumtherapie 1917
Quelle: www.wikipedia.org

4 DPG *Krebs in Deutschland 2019/20, Robert-Koch-Institut




Types of ionizing radiation used for clinical cancer
treatments

Depth Dose Curves Electromagnetic radiation

Protons, 150 High energy X-Rays (E = 1 — 10 MeV)

I Photons, MeV
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283 MeV/u Particle radiation

Electrons

T Protons
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Dose-response relation of ionizing radiation in cancer treatments

1001 ¢ Cell inactivation through radiation:
Surviving fraction (SF) of cells after energy

801 dose deposition D:
S SF = exp(—aD)
[@)) 60 B
C
-} .
< 40l * Dose-response relation
= * Tumor control probability (TCP)

*  Normal tissue complication
0 probability (NTCP)

Dosis [Gy]
Therapeutic Window:
Optimal doseas H = TCP - (1 — NTCP)
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Dose-response relation of ionizing radiation in cancer treatments
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Dosis [Gy]
Therapeutic Window:
Optimal doseas H = TCP - (1 — NTCP)

Optimization of the
therapeutic window H
through radiation research
and innovation

* Medical Physics
* Radiation Biology
e Radiation Oncology
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e Technical Innovation: Multi-Leaf Collimator
(MLC) for fast and precise collimation of
radition fields

 Computer-assisted identification of radiation
field parameters through inverse optimisation

* Accurate definition of tumor volumes through
3D imaging (CT, MRI)

* Verification of patient position in the
treatment room

Baumann M et al. Nat Rev Cancer 2016.
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Technical Innovation: Multi-Leaf Collimator
(MLC) for fast and precise collimation of
radition fields

Computer-assisted identification of radiation
field parameters through inverse optimisation

Accurate definition of tumor volumes through
3D imaging (CT, MRI)

Verification of patient position in the
treatment room



Radiation Therapy using Protons or lons (He, C) Q

Relative Dose [a.u.]
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Depth Dose Curves

i Protons, 150 |
Photons, MeV
15 MV 12C,
I 283 MeV/u
\
I I | l K_‘
Water depth [ ]

High relative energy deposition at the end of
the particle range (Bragg-Peak)

Energy-dependant range
Higher relative biological effectiveness
Steep dose gradients

Reduction in NTCP
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High relative energy deposition at the end of
the particle range (Bragg-Peak)

Energy-dependant range
Higher relative biological effectiveness
Steep dose gradients

Reduction in NTCP



Image-guided radiotherapy (IGRT)

CT-Simulation

Annotation ‘
MRLSimulations? @ 3

ey

RT Planning

Verification Imaging

Offline Simulation + E?A)
RT-Planning Fractionated
> O radiotherapy
L5 A

I

13




Improving positioning and targeting accuracy in radiotherapy

Stereoscopic X-Ray imaging, 2 fix X-Ray tubes and detector panels

Réntgenrohren

| Assumption: Tumor and bony anatomy remain
i:—.j LINAC

in the same coordinate system.

Optisches
\ Kamerasystem

/)

Roboter-

Therapie-
strahl
Tisch

Rontgenbildsystem

Schlegel W et al. Medizinische Physik. Springer 2018.

2D kV X-Ray for brain RT positioning, Uni Tiibingen (03/25)



Optical system tracking the patient surface

No 3D information

Breathing signal surrogate, biometric patient
identification, check of positioning aids

Source ——>#®
r3

7
o
MLC position ————» .

Suface-guidance during breast RT, Uni Tiibingen (03/25)

Batista V et al. Radiother Oncol 2020;153:43-42.



Ravindran BP. Image
guided radiation
therapy. IOP 2022.

CB-CT of a lung cancer patient for radiotherapy positioning, Uni Tiibingen (03/25)



IGRT P
clinical realization "

Accelerator head
CB-CT (kV X-Ray rotational)

Detector panels

kV X-Ray sources stationary
Detector planels

Patient couch

; Clinical IGRT system,
University Hospital

Camera for surface-guided RT Tiibingen (03/25)
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PhD thesis M. Nachbar, University of Tubingen, 2022.



Hybrid MR-Linac systems allow high-quality IGRT Q

Magnetron

Waveguide

1.5T wide-bore
MRI

'
Multileaf
. collimator

Treatment

‘ beam

1.5 T MR-Linac (Unity, Elekta AB, Sweden) Source: wonmelektacam
Raaijmakers AJ et al. Phys Med Biol 2007. N
Lagendijk JJ et al. Radiother Oncol 2008. = —
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Online adaptive MR-guided RT using the 1.5 T MR-Linac

Magnetron

Waveguide

Ty
Multileaf

collimator

Treatment
Source: www.elekta.c . be(]m B, et al. PMB 2009.
Linac MRI
. e E=7.2MVFFF * Bp=15T
Technical e FOA=144.5cm * T1lw, T2w, navigated, diffusion-weighted (DW), ...
characteristics °© 160 Leafs (cc), width: 7.2 mm * 2D-Cine MRI (8 Hz)
e Max. field size: 22 x 56 cm? * Radiotransparent MRI-coil

* Bore diameter: 70 cm
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deposition in magnetic fields

Profile at 10cm Profile at 1.5cm

1.0 N
—— Monaco —— Monaco
—— Measurement ~——— Measurement
—— Relative Error —— Relative Error
0.8 B

0.6

T 0.4

| L: L

0.0

-15 -10 s 0 5 10 15 -15 -10 5 0 5 10 15
x (cm) x (cm)

Dosimetry in B-fields:
= Lorentz force leads to asymmetric fields

= Different detector readings due to Lorentz force
(Pojtinger et al. PMB 2018, 2019, 2020)

= Positioning of detectors and equipment in
scanner bore / B-field

MV image based
chamber positioning
gantry 0°
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Combination of high resolution soft tissue imaging and med. Linac

MR-guided high precision-RT of a liver metastasis with the 1.5 T MR-Linac

Navigated T2-weighted MRI

Markerless liver SBRT with MR-Linac

Gani C et al. Clin Transl Radiat Oncol 2020.
Uder L et al. Front Oncol 2023.



Adaptive Radiotherapy (ART)
- to account for changes during RT

Timescale
Definition ART: é R
,A radiation treatment process

Target or
where the treatment plan can OAR
be modified using a systematic e
feedback of measurements
(treatment position variation
due to beam displacement and -/

target geometric variation) is

named ‘adaptive radiation
therapy’ (ART).”

Yan D, et al. Phys Med Biol 1997; 42:123-32.
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[ cardiac ]
[ breathing ]
[ peristalsis ]
| organ filling* ]

[ weight/body contour change ]

Hunt A, et al. Clin Oncol

* Organs subject to filling and deformation including bladder, rectum, cervix, and stomach etc  2018; 30:711-9.



Adaptive radiotherapy
modification of treatment plans triggered by changes during RT

oS IAUHNEIRT Modification of initial RT plans

Geometry/Anatomy (dose distribution)

* Inter-fraction (z.B. anatomic)

* Intra-fraction (z.B. motion)

Dose / Fractionation scheme
Gating/ Tracking
Sequential adaptation of treatment plan

ART-Paradigms:

24

Safeguard prescribed dose to initial target volume (TCP),

Reduction of dose to organs at risk at constant TV dose (decrease NTCP),
Dose escalation to shrinking tumor (increase TCP),

Response — adaptive RT (increase TCP).
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Online adaptive MR-guided RT

Ensuring maximum tolerable doses to mobile organs at risk

:
:

PTV 70 |
PTV 66,5}
Sigmoid §
B 700Gy
Bl ss s Gy
MR-guided RT MR-adaptive RT
Position verification Treatment plan adaptation
* Rigid registration of MRI to * Deformable registration of MRI to
simulation CT simulation CT
* Plan optimization on initial * Propagation of contours to daily MRI Winkel D, et al. Clin Transl|
structures and CT  Adaptive planning on daily MRI / Radiat Oncol 2019; 18:54-9.
synthetic CT e
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CT-adaptive image guided RT

Hybrid CT-Linac

- Electron gun

Ravindran BP. Image guided radiation therapy. IOP 2022. P
Sijtsema ND, et al. Radiother Oncol 2025; 202:110596.-  _
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Online adaptive proton therapy
Using direct feedback from prompt gamma imaging

. r- . . . A Verification-triggered partial adaptation workflow 1st field delivered
Proton range verification in vivo * i
using prompt gamma imaging:
Delivery of 1st PGl-detected Triggered image and considered in Delivery of 2nd
. non-adapted field deviation for 15t field acquisition 2 field adaptation adapted field
Patient
Ees { e P P>
Proton Beam aye 0 T
Reference B) Delivery scenario 1t field 2 field Total dose
Measurement
Slit Collimator Non-adapted
PG Radiation Initial plan recalculated % of 60 Gy

on cCT 107.0

100.0
95.0
90.0
80.0
76.0
70.0
60.0
50.0
45.0

Detector NN

L.k Fully adapted

Range Shift —H— Initial plan

re-optimized on cCT

Berthold J, et al. Int J Radiother Oncol Biol Phys \ !
2021. Gambetta V, et al. Phys Imag Radiat Oncol 2025.
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MR-based gating to monitor irregular motion Q

* 'live’imaging during
beam-on

* Latency time approx.
200 ms

e 2D planes only
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Image Sequence
Image Number
69 1812 100
Sagittal  Coronal

Blend Mode

Wipe

© Alpha Blending

v Synchronize blend mode
Contour Settings

Registration Volume

Width 29

Color

— -

[MEVELEE ()

fl



15% 25% 100%

10%

CT + Al-Recon: Dose reduction

Chan YCl, et al. Phys Imag Radiat Oncol 2024.

MRI + Al-Recon: Aceleration

Fast reconstruction (0.7 s) of 4D-MRI:

End-expiration End-inspiration End-expiration End-inspiration
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Murray V, et al. Magn Res Med 2024.



Automation of tumor and organ segmentation for real-time interventions

Expertenkontur

e

KlI-Kontur

o 7

Echtzeit-Detektion von Organen oder
anatomischen Landmarken:

Frih M, et al. Comput Methods Programs Biomed 2022.



Tumor hypoxia ia a major cause of radiation resistance in tumors

B FaDu . . .
P ree0s auwscs o Resistance level is different from tumor to tumor
4 p=0.

@ XF354
@ UT-SCC-5

Des ¢ Depends on the level of tumor hypoxia

V CAL-33
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e Tumor hypoxia can be measure with dedicated positron
: — emissition tomography (PET) tracers in vivo:

0 10 2IO 3I0 40 50 X
pHF (%) Hypoxia 13EMISO PET/MR 1BEMISO PET/CT
3hpi 4hpi

0
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Hypoxia-PET image-guided radiotherapy personalization

Hypoxia-PET as prognostic biomarker: Clinical Phase Il-study in dose escalation
. based on hypoxia-PET:
[ltH (©) . .
. No Hypoxia p=0.011
~ A : 08 Hypoxia, Dose escalation ||p=0.16
E £ o6 |
..E . s Hypoxia, Standard RT
9 g
o 3 04
E _ ]
(8]
o 0.2
A -
| N=54
0 0] I 2(I) I 4I0 I 66 I 8I0 I 1OIO
p<0_0001 Months after radiotherapy
l T T T T T T Arm A 14 12 ]F.)ftlents * rlsg 9 9
0 10 20 30 40 50 60 Arm B 20 12 10 9 7 6
Time after RT [months] Arme 19 v 1 1 10 10
Thorwarth D et al. J Nucl Med 2019. Welz S et al. Radiother Oncol 2022.
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Imaging of tumor hypoxia using functional MRI
Diffusion-weighted Magnetic Resonance Imaging (DW-MRI)

Imaging radiation resistance with hypoxia DW-MRI allows to identify patients with

PET and/or DW-MRI in als radioresistant tumors:
Hypoxia PET + DW-MRI DW-MRI in patients

0.16 —
5-299 0 0121 S=169 0 1
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0.14 9 4
0121 ° 0.101 ox ° '
' o ° 0.8
£ 010 0 J008{ o x =
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T % Tou{® | @ T 04
0041 o x 8 ° ° =
& 8 >
0.021 8 0021 © 5
gg o ] A 0.2 L
0.00- ]
o e 00— = { p = 1.86e-07
HooM L HoM L 0-
radiosensitivity radiosensitivity 0 T cls T 1.2 r 1.8 v 2.4 . 3.0 . 3.6
<0.001 =0. .
p<0.00 p=0.002 Time (Months)
Boeke S, Winter RM, et al. EINMMI 2023. Winter R, Boeke S, et al. Radiother Oncol 2025.
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Optimizing diffusion weigthed imaging for response adaptive IGRT

Acquisition of quantitative DW-MRI at
the 1.5 T MR-Linac is possible.

0.10] f 20
0.051

0.00

-0.051

Difference (10° mm?/s) @

Percent ratio (%)
<
>
X

—-0.101 -20
0.0 0.4 0.8 1.2 0.0 0.4 0.8 1.2
Reference ADC (107° mm?/s) Mean ADC (107° mm?/s)

O MR-Linac A A MR-Linac B == MR-Linac ¢ ) MR-Linac D

Kooreman E, et al. Radiother Oncol 2019; 133:156-62.

Repeatability of DW-MRIin HNC at the 1.5 T
MR-Linac is comparable to diagnostic MRI.
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Habrich J, et al. Radiother Oncol 2022; 174:141-8.
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Summary

Image-guided radiotherapy to improve cancer treatment
IGRT techniques impact daily cancer treatment quality in terms of

Accurate patient positioning

Daily radiotherapy adaptation

Real-time beam gating

Future challenges:
* Real-time image-guidance and
adaptation
= Response adaptive radiotherapy
through functional image-guided

radiotherapy Q m
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