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Roadmap
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- Why biomarkers in RT planning?

- Modalities & quantitative biomarkers (CT PET)

- Radiomics & Al-derived biomarkers

- Adaptive RT & MR-Linac integration

- From biomarker — contouring — prescription (dose painting)
 Validation, standardization & QA

- Clinical ongoing project evidence

- Common pitfalls (and challanges)
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What is an imaging biomarker?
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- A measurable image-derived indicator of normal or pathological processes or

response to therapy.

- Should be quantitative, validated, and linked to a biological/clinical endpoint.
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Why they matter in RT planning
= ‘f%@?@‘m(ﬂi?ﬂm

- Better target definition: integrate biology beyond anatomy.
- Predict/monitor response — personalize dose & adapt plans.

- Enable voxel-wise strategies (dose painting) while sparing OARs.
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Why they matter in RT planning
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Seeing the Unseen:

Advanced Imaging Biomarkers in Radiotherapy

Standard Workflow Biomarker-Augmented Workflow

Dose Painting
[ Adaptation

i =

WHAT WE SEE: WHAT WE SEE:
Anatomy & Dose Tumor Habitats
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Modalities & exemplar biomarkers

CT: electron density, dual-energy material maps; radiomics texture indices. %ﬁ% ﬁﬂﬂ/\%
B

MRI structural: T1/T2/FLAIR, tumor/edema delineation.
MRI functional: DWI/ADC (cellularity), DCE/DSC perfusion (Ktrans, CBV), IVIM, ASL.
Quantitative MRI: MR Fingerprinting (simultaneous T1/T2/PD, B1).

Hybrid imaging: PET/CT, PET/MRI for co-registered biology.

4D imaging: motion-resolved CT/MRI; ventilation imaging. B ..\ = \ (]
' t em (P / et
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Multiparametric maps — composite ‘habitats’. S

Quality frameworks: QIBA profiles, AAPM guidance.
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DWI/ADC: early response indicator; correlates with

cellularity; hypoxia.

Perfusion (DCE/DSC): vascular permeability; tumor

aggressiveness.

Spectroscopy: metabolic signatures (choline, citrate,

lactate).

MR Fingerprinting: fast multi-parametric quantitative

maps with improved repeatability.
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Garcia-Figueiras et al. Insights into Imaging 2019

MRI biomarkers (highlight)
Quantitative MRI parameters reflect tumor biology

FDG, Choline-PET
-MRI-Spectroscopy

Metabolic reprogramming

Fat f Water imaging
-Dixon MRI
-MRI-Spectroscopy

-CT and DECT

Apoptosis/Necrosis
-MRI-DWI
-MRI-5pectrocopy
-Annexn-PET

Hypoxia/Oxygenation
“MRI-BOLD and TOLD
F-MISD & Cu-ATSM-PET

Tumaor Cells
Immune oefs # ! .

Tumor Microenvironment
MRI-DWI

-MRI-Spectroscopy

~MRI-MT

| s

o»

/ - G i
/ 41 o
@ .?j-:‘\ L |

Cellular Density
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Heterogenity \
-MRI-DW1 Kurtosis/SEM
-Texture anakysis
Histograms

-Cluster analkysis

Specific tumor receptors,
proteins or antigens
[EGFR,PSMA, SSTR, etc )

PET or SPECT

qoee| 6

D “MRI-D5C

Proliferation
-FLT-PET
-MRI-Spectroscopy
MR- DWI

Angiogenesis
=DCE-MRIJCT/US

-VIM
-MRI-ASL
-DECT

Tumor Vessels

| Macro/Micro Structure

-Conventional Imaging techniques (size,

/1 volume, shape, contour, etc.)

-MRI-DWI

| -Elastography-US/MRI (Stiffness)

-MRI (T1,T2,T2*)
-MRI-MT

-DECT

~Texture analysis




MR integrated in RT workflow

Potential for personalized radiotherapy with imaging biomarkers f“ﬁﬁ%j‘ﬁ%;@\mtggﬁﬁ -

Pre-treatment During treatment Post-treatment

Biological image-guided adaptive radiotherapy

Outcome prediction

Response assessment

(BIGART)
Patient selection and Modify the dose and/or dose distribution based on Determine next steps in
treatment stratification changes seen during treatment treatment based
t
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Courtesy of Petra van Houdt



,ﬁ MR integrated in RT workflow

Contents lists available at ScienceDirect
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Radiotherapy and Oncology

journal homepage: www.thegreenjournal.com

Quantitative

Review Article |mag| ng
approaches

Quantitative imaging for radiotherapy purposes )
Check for
Oliver J. Gurney-Champion **, Faisal Mahmood ”¢, Marcel van Schie, Robert Julian®, — ‘
Ben George ', Marielle E.P. Philippens £ Uulke A. van der Heide ¢, Daniela Thorwarth ", Kathrine R. Redalen’

From qualitative to quantitative MRI

Input data
ADC map fBV map
2
/ [ 4.0 \ Salamanca M et al. (2024) A Re | axomet ry
05| 05| 35 DWI-based hypoxia model
sk 7 » 30 shows robustness in an
= [\ 3 25 external prostatectomy
Los| So3] {20 #HL <1 cohort Front. Oncol.
5 -> HL=fﬂ+£ g ‘lii’+ HFpw = ————
=02 fBVy, ADC, o2, # pixels
1.0
01 ol 05
%0 os 10 15 30 05 a5 10 15 o 0
\ ADC (10-* mm?/s) ADC (10-? mm?/s) /

MR Fingerprinting

@M R O ART The Consumption and Supply based Hypoxia model exhibited sufficient

MODERN RADIATION ONCOLOGY . . ° °

359 RESIDENTIAL COURSE robustness In the externgl cohort, suggesting a plausml(:z reflection of
true hypoxia and enabling the use of the HF,,, metric for further
research into prostate cancer and hypoxia.




MR integrated in RT workflow
Time-dependent diffusion MR/

as a potential quantitative imaging biomarker for radiotherapy 0os | & -
DWI 1: DWI 2: TDD contrast map
b = 2500 s/mm2 b = 2500 s/mm?2 (= time-dependent diffusion contrast map)
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MR integrated in RT workflow
Time-dependent diffusion MR/
as a potential quantitative imaging biomarker for radiotherapy rﬁ\ﬁf@%ﬂ@%gm

O = gross tumor volume (GTV)

Tiw Gd T2w FLAIR Gd

TDD contrast Tumor rim: o
Positive €<= restriction

Tumor core:
Negative <> exchange

WHO grade 4
10 mm?/s

Edema:
No contrast €<= free
diffusion

Thermal noise:
e @GTV:0.38 +- 0.09%
¢ White matter: 0.69 +- 0.002%

metastasis
10'3 mm2!s
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MR integrated in RT workflow

6
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Pre-treatment Phase Treatment Phase
Pre-treatment Target Treatment In-room
imaging delineation planning imaging adaptation

Fractionated treatment
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Adaptive RT & MR-Linac: a catalyst

At —

On-table imaging enables biology-informed adaptation (daily/weekly).
gMRI on MR-Linac (ADC, T1/T2, DCE, potentially MRF) — response monitoring.
Biomarker trajectories — adapt margins, dose, or targets.

Infrastructure: fast QA, robust registration, automated pipelines.
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Adaptive RT & MR-Linac: a catalyst

WO | o

: - Treatment Preparations - ey
Simulation B Planning R s g Patient posntlomng-‘
y
Daily 3D MR- 2 : Electron density Gating target Dose
imaging W Y chedk i definition Prediction
Adaption
ﬁNo Adaption
Treatment with
Re-Optimization —#{ Plan selection [ Plan QA —»{ Plan approval || cine-MRI based
gating

Kliiter S. Technical design and concept of a 0.35 T MR-Linac. Clin Transl Radiat Oncol. 2019 Apr 8;18:98-101. doi: 10.1016/j.ctro.2019.04.007. PMID: 31341983; PMCID: PMC6630153.
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Adaptive RT & MR-Linac: a catalyst
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Kooreman ES et al. (2021) Daily Intravoxel Incoherent Motion (IVIM) in Prostate Cancer Patients During MR-Guided

Radiotherapy—A Multicenter Study. Front. Oncol. 11:705964. doi: 10.3389/fonc.2021.70596 4



Adaptive RT & MR-Linac: a catalyst
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Is there a potential for gMRI in hypofractionated treatments?

Patient 1: Minimal change Patient 2: shift towards higher ADC values
800 A 500 1
400 A
600 "
() —
E , % n 300 A
O, 93
o | 400 52
g O 200 A
=z 4
200 ol
0 1 0
0.0 0.5 1.0 15 2.0 25 3.0 35 4.0 0.0 0.5 1.0 15 20 25 3.0 35 4.0
ADC (10-3 mm2/s) ADC (10-3 mm2/s)
T Example from rectal cancer
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Adaptive RT & MR-Linac: a catalyst

Ventilation and Perfusion Parameters Predictive of W
Radiation-Induced Pneumonitis W :
1. Image Acquisition 2. Registration 3. Segmentation 4. Filtering

Non-uniform Fourier Decomposition (NuFD)

7. Map Generation 6. NuFFT

‘ - 5. Resampling
Vw $o

@MRO.AM Qw

MODERN RADIATION ONCOLOGY
35° RESIDENTIAL COURSE

Courtesy of Klaar et al. Radiat Oncol (2023)



Adaptive RT & MR-Linac: a catalyst

Ventilation and Perfusion Parameters Predictive of . : LC‘ ﬂ ﬁf\“
Radiation-Induced Pneumonitis e R e

Pre-Treatment Post-Treatment

Baseline Follow-up CT

@MRO.ART W

MODERN RADIATION ONCOLOGY in Regions
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Courtesy of Klaar et al. Radiat Oncol (2023)



Adaptive RT & MR-Linac: a catalyst

Ventilation and Perfusion Parameters Predictive of

o o o, @ A oﬁ Ml Jﬁ }‘w\
Radiation-Induced Pneumonitis " OW‘? L i, W
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From biomarker to dose: Dose Painting

‘target within target’: boost based on thresholded maps (e.g., hypoxia). W@M

voxel-wise prescription proportional to biomarker intensity.
requires quantitative maps, co-registration, and physics-constrained optimization.

potential benefits: escalate resistant subvolumes; de-escalate less aggressive areas.

challenges: biological validity of surrogates, uncertainties, delivery complexity.

~as B, T

L

=40 —20 0 20 10
. Frede’'nE, Tilly D and Ahnesjo A (2022) Adaptive dose painting for AADC (%)

prostate cancer. Front. Oncol 12:973067. doi: 10.3389/fonc.2022.973067
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Radiomics & Al-derived biomarkers

- Engineered texture[shape features

(first/second/higher order).

(a) image acquisition

- Deep features from CNNs; multi-

omics integration.

hidden layer1  hidden layer2  hidden layer3  hidden layerd  hidden layers

_:--*.,;u’ ‘.' .f’”l _' .,_“‘ “‘ 5 ”F\\‘\
‘\“- s “A\m:' .\\ -l'{“*“'
" UM R L “ ll

AN .‘\(\‘ “-‘:: :m Z ﬁ:‘ ='.: :\“ g r:‘
S A A A

input layer

Zaho et al,, Current Progress in Artificial Intelligence-assisted Medical
Image Analysis for Chronic Kidney Disease: A Literature Review,
Computational and Structural Biotechnology Journal 21 (2023) 3315-3326

LIMRO...
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(a) image acquisition

output layer
(classifier)

deep neural networks

(f) deep neural networks




Radiomics & Al-derived biomarkers
- DL for faster imaging and reconstruction PO e @ﬂm @Z(JW\H«
- DL for advanced DWI models
- DL for parameter estimation

- PINN (Physics-Informed Neural Networks)

Quantitative MRI data Deep Network Parameter map

™A
i

L2IMKO..
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Courtesy of Oliver Gurney-Champion



Validation, standardization & QA
Dedicated gMRI QA

NS |

A
SNR Slice
warp : w1
A IS
o s o 1
Distortion o] esolu lonr
. L Calibration
Contrast | Uniformity

QA in quantitative MRI

These control address the general performance of the scanner. No
information on quantitative data can be drawn....

Identifying the specific sources of error of the quantitative technique

Review > Med Phys. 2022 Apr;49(4):2820-2835. doi: 10.1002/mp.15195. Epub 2021 Sep 29.

I n q M R I ? Challenges in ensuring the generalizability of image
o

uantitation methods for MRI - : o
q sl Defining procedures for Quality Assurance of quantitative data. —_—
Kathryn E Keenan ', Jana G Delfino 2, Kalina V Jordanova !, Megan E Poorman 1,
REVIEW ARTICLE Prathyush Chirra 3, Akshay S Chaudhari 4 5, Bettina Baessler & Jessica Winfield 7 8,

Satish E Viswanath 3, Nandita M deSouza 7 &

Clinical quantitative MRI and the need for metrology

TMATT T CASHMORE, PhD, 2AARON J MCCANN, 3STEPHEN J WASTLING, PhD, 2CORMAC MCGRATH, PhD, — i ini ——
*JOHN THORNTON, P::l:nd TMATT G HALL, "‘me, e o EVa I uati ng CI | nlcal pa rameters
Standardization 8 tive DCE-MRI Parameters Measurement:
m A A R O An ed for Breast Cancer Imaging
. ART faleri eo, 3

MODERN RADIATION ONCOLOGY

35° RESIDENTIAL COURSE sl Considering both hardware software components —_—




Imaging Biomarker Roadmap for BIGART

Technical validation
Technical feasibility

Bias

Repeatability
- Within-session/Between-session

Reproducibility
- Across MRIgRT systems
- Comparison with diagnostic systems

Validation, standardization & QA

%%;L@M\Lﬁ“ﬂ rm

Translational Gap

Multicenter reproducibility

Translational Gap

QIBs implemented in clinical pr:

LIMRO...
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Table 2 Overview of Studies Investigating Clinical Validation of qMRI for BIGART on MRI-Guided Radiotherapy Systems
Tumor site  Reference No. of Treatment System  qMRI Parameters No. of gMRI Link to clinical Clinical Validation
subjects  Schedule Measurements parameters Phase
Per Subject
Prostate Kooreman et al. 43 20x 3Gy 1.5T D, f, D* 20 ISUP, ADT Establish changes dur-
2021%° ing treatment
Kooreman et al. 20 20x 3Gy 1.5T D, f, D*, K", 20for IVIM, 5for  none Establish changes dur-
2022°1 Kepr Ve DCE ing treatment
Rectum Shaverdian et al. 3 50.4-54Gy (1.8 Gy 0.35T ADE 4,6,and7 FDG-PET Feasibility of repeated
2017 fraction per day) measurements
Ingle et al. 2022 9 Phase 1: 5x1.8Gyto  1.5T ADC 10 (daily inphase  TRG response Establish changes dur-
GTV; Phase 2: 1, weekly in ing treatment
25x1.8Gy to GTV, phase 2)
mesorectum, pel-
vic nodes
Kooreman et al. 12 5x5Gy 1.5T T1rho 5 complete and Establish changes dur-
2022°° incomplete ing treatment
response
Brain Nejad-Davarani 4 25-30x2Gy 0.35T T1, PD, and R2* 7-8 (pretreat- none Feasibility of repeated
et al. 2020% ment, once a measurements
week during RT,
and post-treat-
ment)
Lawrence et al. 59 30x2Gy/15%2.67 1.5T ADC daily none Establish changes dur-
2021% Gy/5x5.5Gy ing treatment
Chanetal. 2021°" 54 30x2Gy/15x2.67Gy  1.5T MTR mider 5-6 (once aweek)  tumor type and Establish changes dur-
MTRyoE and grade ing treatment
asymmetry
Tseng et al 10 30x2Gy 1.5T ADC, T1,T2, daily (each time a relation to the Establish changes dur-
2022% CEST assymetry different tech- location of ing treatment
nique) tumor
recurrence
Abdominal  Hall et al. 2020%° 10 6x5Gy/5x6.6 Gy/ 1.5T ADC, T2 none Feasibility of repeated
5x10Gy/5x15Gy/ measurements
3x20Gy
Head-and-  Yangetal. 2016 3 0.35T  ADC 4-7 none Feasibility of repeated
neck measurements
Sarcoma Yang et al. 2016*° 3 0.35T  ADC 47 none Feasibility of repeated
measurements
Gao etal 2020° 30 5x6Gy 0.35T  ADC 3 none test prognostic value
for outcome
Gao et al 2021¢7 30 5x6Gy 0.35T ADC 3 (15000 syn- TE score Test prognostic value

thetic)

for outcome




Clinical ongoing project evidence: in-house snapshots

THUNDER and MOREOVER
projects

single
patient
clinical

apply
MRidian MR images JuGSi evaluation
data for pCR » ]

. s
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Fendaziene Policlinico Universitario Agostine Gemelli IRCCS
Universita Cattolica del Sacre Cuore

— European |
= Commission

il
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Developing talents, advancing research

evaluation

Marie Sktodowska-Curie Actions

Gemelli ®

..... rsi Sa re

Doctoral Networks call schedule

¢ The call is open.
e This call will close on 25 November 2025.

Doctoral Networks quick application guide e




Common pitfalls & how to avoid them

I
— sﬁe_; L N\
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THUNDER and MOREOVER projects
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data

evaluation
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Clinical ongoing project evidence: in-house snapshots
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IMPROVER

Quantltative MRI for PRostate Online AdaptiVe DosE Painting
MRoRT

AIRC

Aim 2
Al-based prostate tumour identification and analysis

Aim 3

Lesion identification, contouring

and scoring Synthetic CT generation for MRI-only workflow
MR (TRUFI, 035 T) ‘,";:GAN Convolutional Neural Networks
!
Aim 1 ‘ i
—————  Generator \
mpMRI sequences on MRI-LINAC ' 4

Radiomics

no
B i

'
I

'

|

1

i

“ Synthetlc i
h |

'

I

'

| I

'

I

'

J

o i i
Q —:—b Discriminator
. L4 v \_H_/

CT (ground truth)

Trained cGAN

b=50 b=800 ADC map Simulation MR

.

3 Synthetic CT
generation for
MRI-only /
workflow /&
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Clinical ongoing project evidence: in-house snapshots
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IMPROVER

Quantltative MRI for PRostate Online AdaptiVe DosE Painting

AIRC

GLOBAL gamma pass-rate — 2% / 2 mm (cutoff 10%)
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Clinical ongoing project evidence: in-house snapshots
K%Mﬁw
70 ESTRO Physics 18-19 October 2024
Krakow, Poland
24 Workshop ¢ ., TEMPO DN Project

- Marie Sktodowska-Curie Action opens 608 million call for
Doctoral Networks (DN)

Imaging biomarkers to monitor and predict response to radiation therapies
Tiziana Rancati, Claudio Fiorino, Robert Jeraj+ 36 other (super active) participants

MODERN RADIATION ONCOLOGY

35° RESIDENTIAL COURSE




Clinical ongoing project evidence: in-house snapshots

Treatment selection H

Response Assessment |

M%M

/ Treatment A

Good response

__» Continue treatment?

Switch treatment?

Pause & restart?

> Stop & monitor?

Continue treatment?

Switch treatment?

@gm@» M
= I O o) —
o WOo® | o0 .

TEMPO DN Project Overview

- Marie Sktodowska-Curie Action opens 608 million call for

Doctoral Networks (DN)

Treatment C

LIMRO...
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Pause & restart?

Stop & monitor?
Poor response

O

Continue treatment?
—» Switch treatment?

+ Pause & restart?

-+ Stop & monitor?

®

Toxicity

Is treatment good for
patient or not? Is
there a better

option?

What is happening
. with the patient
during treatment?

& ¢ » What is happening
,v% \ /4? % ‘-é with the patient at
Wi v v the EOT?

3 Yo 0
‘2% 43 ; N
Treatment 3
; starts s
Time 1l Time 2 End of
During treatment

treatment



Clinical ongoing project evidence: in-house snapshots

A
I
B b
TEMPO Network Scope oy mm@oo s~ I
"@"1 TEMPO unites 15 PhD projects across Europe to advance research in imaging biomarkers for radiation
therapies.

TJL

Imaging Biomarkers for Therapy

The network focuses on developing imaging biomarkers to personalize and improve radiation
therapy outcomes.

\ Adaptive Radiotherapy Framework
i C) TEMPO integrates biological, technical, predictive, and clinical data to enhance adaptive

B
?: / radiotherapy approaches.

TEMPO Work Packages

WP1 Biological Validation

Focuses on validating imaging biomarkers biologically and interpreting their physiological roles in cancer biology.

WP2 Technical Validation

Ensures imaging biomarkers are technically reliable and reproducible across multiple imaging platforms.

WP3 Predictive Integration

m/\/\ R()_ART Integrates validated biomarkers into predictive models and adaptive frameworks for clinical decision support.

MODERN RADIATION ONCOLOGY .. .
35° RESIDENTIAL COURSE WP4 Clinical Translation

Focuses on adapting imaging protocols to clinical workflows and developing regulatory approval roadmaps.



Clinical ongoing project evidence: in-house snapshots
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Primary Supervisor Original title

1

> b

Tord Hompland - The Norwegian Radium Hospital

Faisal Mahmood - Odense University Hospital
Marielle Philippens — University of Utrecht

Lars Olsson - Lund University
Oliver Gurney-Champion — Amsterdam University

Andreas Wetscherek — Institute of Cancer Research

Marta Lazzeroni — Stockholm University

Early Response Assessment of proton therapy in soft tissue sarcoma

Spatial correlation of diffusion weighted MRI and local response for tailored radiotherapy of
pancreatic cancer

Prediction of neuro-cognitive decline of brain metastases RT (fMRI)

Validation of the CSH imaging biomarker for hypoxia assessment - technical validationtion
Vendor-neutral gMRI sequences

Advanced diffusion-weighted MRI for biologically adaptive MR-guided radiotherapy

Early Response Assessment Through Robust Imaging Biomarker Definition in the Presence of
Uncertainties

Azadeh Abravan- University of Manchester/university of Improving early prediction of treatment response and complications in head & neck cancer using
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imaging biomarkers

Changes in imaging to predict late cardiopulmonary toxicity

Integration of dynamic microenvironmental signals into predictive models for adaptive radiotherapy
in oropharyngeal cancer.

Imaging biomarkers for early detection of fibrosis and respiratory dysfunction in early-stage non-
small cell lung cancer treated with radiation therapy

mpMRI for prostate on-line adaptive dose painting

Early response assessment using sequential MR-based hypoxia imaging during HNC RT

Targeting treatment resistance using individual lesion characteristics

Exploiting the MRI-based early regression index (ERI) in treatment personalization of neo-adjuvant
radio-chemotherapy of rectal cancer



Common pitfalls (and challanges)

Overfitting radiomics models; lack of external validation. o p
Ignoring motion/partial-volume effects in MRI.

Mixing scanners/protocols without harmonization.

Biological misinterpretation of surrogates.

Poor image quality

Large day-to-day variation (functional change, image noise, fitting)
Predominantly “group level effects”

Slow acquisition and slow processing
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Common pitfalls (and challanges)
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Word of caution: is better better?

- Deep learning learns prior information on how DWI looks

- Hence, deep learnt images LOOK like DWI images

- Need for uncertainty estimates

LR Input 3 HR Prediction N Uncertainty
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Key takeaways
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Quantitative, validated imaging biomarkers can improve where and how much we treat.

Start simple, standardize hard, validate locally, and scale thoughtfully.
Adaptive RT and MR-Linac accelerate biomarker-driven personalization.
Dose painting is promising—but demands rigorous biology & physics (supported by Al).

... with these pieces in place, we can discuss, validate, and clinically translate to biological

image-guided online radiotherapy: See you at MRO36! (?)
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