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Over Three Decades of Personalizing 

Cancer Treatment 

Intensity Modulation Radiation 

Therapy (IMRT)  
Conformal Radiation 

Therapy (CRT)  



Supervised Robotic Intensity-modulated, 

Image-guided Radiation Therapy 

In a period of 10 years, Radiation 

Therapy has evolved from employing: 

 10 Mb to 1000 Mb of Data (100X) 

10 to 1000 Digital Treatment 

Parameters (Robotic Control) 

Supervised, Image-guided Operation 



Since 2004 

Tx before 2004 

Since 2004 

Tx before 2004 

Int. J. Radiation Oncology Biol. Phys., Vol. 76, No. 3, pp. 775–781, 2010 

Accommodating the 4D nature of the lung and tailoring dose 

patterns to anatomy.  



47 patients were assigned to 

each treatment arm. Median 

follow-up was 44·0 months 

(IQR 30·0–59·7). At 12 months 

xerostomia side-effects were 

reported in 73 of 82 alive 

patients; grade 2 or worse 

xerostomia at 12 months was 

significantly lower in the IMRT 

group than in the conventional 

radiotherapy group. 

At 24 months, no 

significant differences were 

seen between randomised 

groups in non-xerostomia 

late toxicities, locoregional 

control, or overall survival. 



Adoption of daily IGRT with same PTV 

margins.  Retrospective analysis of toxicity 

and biochemical control (N=186 vs N=190) 



Viewray Solution 

Edmonton 

Solution 
Utrecht Solution 

MR-Guided RT 

Adjacent Solutions 

PET-guided 

RT 

Next Gen RT Technologies: 

 Better dose control through physics, 

imaging, computation, and robotics.  

Protons+ 

http://www.nytimes.com/interactive/2007/12/14/business/20071217_PROTON_GRAPHIC.html


Next Generation of Personalization  

• Adaptive Radiation Therapy – 
geometric and functional 

 

• Image-based Biological Targets - 
targets and normal tissues 

 

• Patient-specific Radiation Sensitivity –
decision-making and dose 
prescription.  



CT 

CT/PET 

MR 

Database of 

Dose Targets and 

Tolerances 

Specific Patient 

Capacity to Integrate 

Molecular/Functional 

Imaging in RT 

; 
IMRT Beam 

Patterns 

Contouring 

Optimization 

Calc’n 
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IGRT Adjustments Biology Change 

Geometry Change 



From the ‘3D Hypothesis’ to the 

‘4D Hypothesis’ 

• 4D Hypothesis: Adapting to imaged changes 

in geometry or function during RT will 

improve the therapeutic ratio. 

– A.k.a. ‘Adaptive Radiation Therapy’ 



TI3’09 



Complex Machinery of Adaptive 



“Adaptive radiotherapy has been introduced as a feedback control 

strategy to include patient-specific treatment variation explicitly in the 

control of treatment planning and delivering during the treatment 

course.”  D. Yan  



WBH Adaptive Experience 





8 Gy Pre-Tx 

20 Gy 28 Gy 

38 Gy 48 Gy 

Ca Cervix:  

“Tumour” 
Shrinkage & 
Deformation 
During RT 

GTV - T2 Enhancement on 
MR Gyne Site Group - PMH  



Week 1 Week 2 Week 3 Week 4 Week 5 

Ca Cervix – Interfraction Motion 

ORBIT Workstation 

Planning 

Rectum-

Sigmoid 

Tumour 

Cervix Uterus 

Bladder 



Week 1 

Ca Cervix – Interfraction Motion 

ORBIT Workstation 

Rectum-

Sigmoid 

Tumour 

Cervix Uterus 

Bladder 



Week 2 

Ca Cervix – Interfraction Motion 

ORBIT Workstation 

Rectum-

Sigmoid 

Tumour 

Cervix Uterus 

Bladder 



Week 3 

Ca Cervix – Interfraction Motion 

ORBIT Workstation 

Rectum-

Sigmoid 

Tumour 

Cervix Uterus 

Bladder 



Week 4 

Ca Cervix – Interfraction Motion 

ORBIT Workstation 

Rectum-

Sigmoid 

Tumour 

Cervix Uterus 

Bladder 



Week 5 

Ca Cervix – Interfraction Motion 

ORBIT Workstation 

Rectum-

Sigmoid 

Tumour 

Cervix Uterus 

Bladder 



Methods 

• 33 patients with stage IB-IVA 

cervix cancer 

• Target volumes (GTV and 

CTV) and OARs (rectum, 

sigmoid, bladder, and bowel) 

contoured on fused MR-CT 

baseline image and 

subsequent weekly MR scans 

• Primary CTV defined as union 

of: 

– GTV 

– Cervix 

– Parametria 

– 2 cm of uterus superior to GTV  

– 2 cm of upper vagina inferior to 

GTV 

Rectu

m 

GTV Bowel Sigmoid 

Bladder CTV 



+ 

Methods – Dose Accumulation / ORBIT 

Planned Dose 

Accumulated Dose 

Apply planned dose 

at each fraction 

Deform each fraction 

to planning geometry  

Accumulate across 

all fractions 
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Results – Target Coverage 

GTV CTV 

 

8 

(24%) 

 

 

 

2 

(6%) 

Message: A large fraction of patients would maintain coverage with a 3mm margin! 



Computational Advances Needed for 

Testing the ‘4D’ Hypothesis 

Deformable 

Registration 
Auto-

segmentation 

Dose 

Tracking 

Re-

planning 



From the ‘3D Hypothesis’ to the 

‘BTV Hypothess’ 

• BTV Hypothesis: Patterning radiation dose 

according to imaged functional or molecular 

distributions of the individual will increase the 

therapeutic ratio. 

– A.K.A. ‘Biologically Targeted Radiation Therapy’ 



Conceptual Framework for Integration of 

Functional/Molecular Imaging 
“Incremental to the 

concept of gross, 

clinical, and planning 

target volumes (GTV, 

CTV, and PTV), we 

propose the concept 

of “biological target 

volume” (BTV) and 

hypothesize that BTV 

can be derived from 

biological images and 

that their use may 

incrementally improve 

target delineation and 

dose delivery.” - Ling 

et al. 

Ling et al., Int. J. Radiation Oncology Biol. Phys., Vol. 47, No. 3, pp. 551–560, 2000 



Functional and Molecular Imaging for RT 

• Tumour burden, altered metabolism, and clonogen 
density (e.g. FDG, MRS)  

• Tumour hypoxia (e.g. F-MISO, I/FAZA, CAIX, MR-
BOLD, HX4) 

• Tumour proliferation (e.g. FLT) 

• New imaging targets (e.g. FACBC amino acid, EGFR 
for re-population) 

• Functional imaging of crucial healthy tissues (e.g. 
SPECT/CT/MR derived lung perfusion) 

• Vascular and physiological measures (DCE-MR/CT, 
MR DWI/ADC) 

 

Adapted From ‘Theragnostic imaging for radiation oncology: dose-painting by 

numbers’ -  S.M. Bentzen - Lancet Oncol 2005; 6: 112–17 

 



Impact of Specific and Sensitive Imaging of 

Disease on Radiation Therapy 

1. Reduce observer-dependent variation 
in the extent of gross and clinical 
targets. 

 

2. Enable biologically-modulated targeting 
of the radiation dose.  

 

 

3. Enable prediction of response based 
upon pre- or intra-treatment changes 
in the image-based biomarkers. 

  

See Steenbakers 2006, Bentzen 2005, Mayr 2010 



Magnetic Resonance Imaging: 

 Burden of Disease in the Prostate 

Courtesy of C. Menard 

•  T2 

• Fast T1 contrast 

enhancement & 

washout 

•  Water diffusivity 

•  Choline/Citrate 



Boost – Either HDR Brachytherapy or VMAT 
Dose 

(EQD2 [Gy]) 
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 IB-VMAT 

Structures 

 

GTV 

CTV 

PTV(GTV) 

PTV(CTV) 

HDR + VMAT 

NCIC Funded Project - Menard/Craig - PMH 



Lung Cancer - Survival of Metabolic 

Responders vs Non-responders 

L: Mac Manus (Melbourne), JCO 2003;21(7):1285 

M: van Baardwijk (MAASTRO), Radiother Oncol 2007;82(2):145 

RT: Eschmann (Tuebingen), Lung Cancer 2006;55:165 

RB: de Geus-Oei (Nijmegen), J Nucl Med 2007;48:1592 



Residual Response Correlates 

with Site of Recurrence 

40 %
50%

60 %
70 %

Overlap fraction

70 %
80 %

90 %

Pre-radiotherapy scan Post-radiotherapy scan

Residue

34 %

GTV

Can we spend our IGRT-enable normal tissue dose 

savings on a well-placed concurrent boost? 
A. Dekker - Maastricht 



“INDAR”  - Individualised iso-toxic 

accelerated radiotherapy (INDAR) to the 

primary tumour and the pre-Tx involved 

lymph nodes on FDG-PET-CT scan. 

D. De Ruysscher et al. / Radiotherapy and Oncology 102 (2012) 228–233 *64.8 Gy given in 36 bi-daily fractions of 1.8 Gy 

FDG-PET 

Derived RT 



Patient-specific 

Radiation Sensitivity 



 

Courtesy of S. Bentzen 



Courtesy of S. Bentzen 



HNC – Oropharynx: Two Populations? 

• Traditional risk factors 

for head & neck cancers 

(HNC) are cigarette 

smoking, and EtOH 

consumption 

• Epidemiology has 

changed in recent 

decades 

• HPV-related Disease 

versus Classical Disease 

 

 

 

f 



Separation of Patients by p16 Expression 

P<0.0046 P=0.00027 
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Shi et al; JCO 27:6213, 2009 





Median number of somatic mutations in representative human cancers, detected by 

genome-wide sequencing studies. 



Genetic heterogeneity in 

tumors – illustrated by a 

primary pancreatic tumor and 

its metastatic lesions. 





Head and Neck 



Quantec - IJORBP Vol. 76, No. 3, Supplement, 2010 

Radiogenomics and 

biomarkers: 

– SNPs, CNV, GWAS Studies 

– Radiogenomics Consortium 

– 2009 

– What dose was actually 

delivered? 

 

 



“The ultimate goal of radiogenomics is to add an additional element of 

personalised medicine to the radiotherapy planning and prescription, to 

improve the outcome for the patient. Such individualisation, combined 

with the very best radiotherapy treatment planning and delivery 

techniques, will also allow for more imaginative combination with 

pharmaceutical agents and should achieve both lower toxicity and higher 

cure rates.” 

RAPPER (Radiogenomics: Assessment of Polymorphisms for Predicting the 

Effects of Radiotherapy) 

Clinical Oncology 25 (2013) 431-434 







“We now realize that most 

examples of 

pharmacogenomic traits 

(adverse drug reactions, as 

well as drug efficacy) 

resemble complex diseases 

and other multi-factorial traits 

such as height or body mass 

index. These traits reflect 

contributions from 

innumerable low-effect 

genes.” 



“The failure to give suitable weight to clinical variation is not the fault of the 

statistical paradigm any more than it is the fault of the molecular orientation of 

contemporary medicine. The problem lies with the atrophy of clinical science. 

Physician investigators whose clinical knowledge equips them to create the 

needed clinical taxonomies have been distracted by quantitative models or 

reductionist science. What is needed to complement the power of genomics 

is an emphasis on personal attributes of patients and their environments, and 

to incorporate these features into an enriched approach to personalized 

medicine.” 



Is it possible for us to integrate these 

rich and varied data sources? 

Can we draw this information 

together to assure precision and 

accuracy in treatment? 



de Crevoisier et al., Int. J. Radiation Oncology Biol. Phys., Vol. 62, No. 4, pp. 965–973, 2005 

Methods: 
• 127 patients with 

definitive 3D-CRT for 

prostate cancer (78 Gy) 

• Rectal distension 

assessed by calculation of 

the average cross-sectional 

rectal area (CSA; defined as 

the rectal volume divided 

by length) and measuring 

three rectal diameters on 

the planning CT.  

• Test the impact of rectal 

distension on biochemical 

control, 2-year prostate 

biopsy results, and 

incidence of Grade 2 or 

greater late rectal bleeding 

was assessed. 

What else affects our Kaplan-Meier curves? 



Median Cross-sectional Area (CSA) = 11.2 cm2 

de Crevoisier et al., Int. J. Radiation Oncology Biol. Phys., Vol. 62, No. 4, pp. 965–973, 2005 

The quality of the intervention is important for 

each patient, but also for advancing PCM 



TROG Trial #02.02 was 

designed to test the 

benefit of using a new 

drug (tirapazamine) in 

combination with 

chemo+RT.  The 

outcomes were negative. 

Why? 

Peters et al.  JCO 2010 



"If it were not for the great 

variability among individuals, 

medicine might as well be a 

science, not an art."  

    

   Sir William Osler, 1892 

Patients or 

practitioners? 



Intervention 

Performance 

Tissue-derived 

Biomarkers and 

‘Omics 

Image-based 

Biomarkers 

RT, Sx, Cx 

IGRT, IGS, IGDD 

Hypoxia, Receptor, 

Permeability 

Genetic/Proteomic/ 

Receptor 

All three factors 

characterized + 

outcome 

measures 

Understanding cancer, developing personalized cancer medicine 

strategies, and delivering high performance cancer therapy are 

highly dependent activities. 

Paradoxically, Getting Personal Requires 

Getting Industrial 



Medical Physicists have become 

very good at managing complexity. 

• Over the past 20 years 
medical physicists have 
brought one the most 
complex technology in 
healthcare (IG-IMRT) 
alive with a remarkable 
track record. 

• This is a powerful skill. 

• Where do we go next? 

 



Converting on the Promise of 

Personalized Cancer Medicine 

• From delivering ‘state-of-the-art’ care to driving 
the next generation of care. 
– Medical physicists have always innovated practice, but 

this needs to be industrialized to accommodate the 
complexity of data collection, decision making, and 
delivery. 

• Maximizing intervention performance (quality) to 
detect sub-populations and evaluate the value of 
new, more personalized therapies 

• Building cancer informatics tools to enable 
analysis, exploration, and rapid evaluation of 
novel therapies or stratification. 



RT: A Highly Personalized Cancer Medicine 



Summary 

• Medical physicists have always been at the 
forefront in bringing greater precision to 
cancer treatment. 

• We have established skills in the domains of 
computing, informatics, quality management, 
and clinical interaction that are of extreme 
relevance to the future of personalized 
medicine. 

• The opportunity for further engagement in the 
domains of technology and processes, 
informatics and modeling, and from basic to 
clinical science are greater than ever. 

• Few medical professions are better equipped 
to contribute. 



 



 


