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Introduction
• Second cancer risks: the clinical problem
• Conventional measures of risk and factors that 

influence risk
• Limitations of observational studies describing risk
• Radiobiologic modeling of second cancer risk
• Some WW2 history



Clinical and Experimental Radiobiology Course 2025

Ng A K et al. Blood 2002;100:1989-1996
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DeBruin et al J Clin Oncol 27:4239-4246, 2009
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Elevated Risk of Second Cancers Seen Among Survivors
• Estimated 14-million cancer survivors in North 

America.
• Second cancers account for ~13% of new cancers 

registered in SEER.
• Reported elevation in SC risk among survivors of:

• Cervix, NHL, Nasopharyngeal, Prostate, Breast 
• RT delivery may be one of the more modifiable 

causes of SC.
• Currently ≈4800 patients aged <50 yrs received RT in 

Ontario annually.
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Radiobiology of RT-related Second Cancer Risk
Sub-lethal DNA Damage & Telomere instability

Hall ed. Radiobiology for The Radiologist J Radiat Res. 45: 105-110 (2004)
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Genetic Predisposition to Second Cancers – Polygenic 
Risk Scores

Nature Medicine | Volume 30 | March 2024 | 690–698
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Cancer Res 2007; 67: (21)
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Conventional Measures of Risk
• Cancer survivors followed for 10-30 years after completion of 

treatment. 
• Cases of SC ascertained. 
• Patients censored at death or loss to follow-up.

• Standardized Incidence Ratio (SIR)
• The ratio of the observed to the expected new cases of cancer 
• The expected number is based on the sex- and age-specific rates 

published for the general population. 
• Absolute Excess Risk

• (O - E)/person-years at risk. 
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Problem with KM, SIR, AER Estimates
• Kaplan-Meier method was developed to estimate overall 

survival, where the event (death) is inevitable.
•  It assumes that censored patients are as likely to develop the 

event as those who remain in the analysis. 
•  aka “non-informative censoring”.
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Implication for SMN Estimates
• In many analyses, patients are censored at the time of 

relapse, death from HL or any death occurring before the 
late effect of interest.

•  The assumption of non-informative censoring implies that 
these dead patients are as likely to develop the late effect 
as the surviving patients(!)

•  The result is an overestimation of the cumulative 
incidence of the late effect.

• Also true for SIR and AER which censor at time of death.
• “Competing risks” methods are the appropriate approach.
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Cumulative Incidence of Second Cancer in Hodgkin 
Lymphoma Princess Margaret Hospital, Treated at Age >30
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Second Cancer Studies: Caveat Emptor

“The use of proton radiation 
therapy was not associated with a 
significantly increased risk of 
secondary malignancies compared 
with photon therapy. Longer follow-
up of these patients is needed to 
determine if there is a significant 
decrease in second malignancies. 
Given the limitations of the study, 
these results should be viewed as 
hypothesis generating.”

IJORBP 2013

5 years
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Observational Studies of Second Cancer 
Require Decades of Follow-up
Results Apply to Outdated Treatment

Subtotal nodal/extended-field/mantle                    involved-field (IFRT)
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Treatment Practices Evolve
We want estimates relevant to current 

treatment

IFRT INRT
 by convention treats adjacent                                   Treats only involved nodes
     uninvolved nodal chains
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Challenge: Modeling Cancer Risks After 
Radiation Exposure 
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There is no Single Risk Estimate 
Age at Exposure and Duration of Follow-

up Significantly Affect Risk.

RADIATION RESEARCH 168, 1–64 (2007)
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Tissue Type Significantly Affects Risk

RADIATION RESEARCH 168, 1–64 (2007)
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Understanding the Dose-Risk Relationship
Microdosimetry / in vivo models of the Dose-Risk 

Relationship
The Classical 2-Step Model 

Dose Gy
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How Dose-risk Relationships are Estimated: 
Tissue Response vs Patient Response

Patient with Second Cancer Patient w.out Second Cancer

Matched anatomic locationTumour location



Clinical and Experimental Radiobiology Course 2025

How Dose-risk Relationships are Estimated
Patient with Second Cancer Patient w.out Second Cancer

Esitmate Dose at Matched 
anatomic location

Estimate Dose at Tumour location
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Lesson 2: Cell Killing is Not the 
Dominant Effect With Doses > 5Gy 

Sachs and Brenner, PNAS 2005
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Lesson 2: Cell Killing is Not the 
Dominant Effect With Doses > 5Gy 

Sachs and Brenner, PNAS 2005
Dose at a specific anatomic site

Relative risk of developing cancer at 
a specific anatomic site
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Dose-Risk for RT-induced CNS Tumours 
CCSS 14,361 5 –year survivors

Neglia et al JNCI, 2006

meningioma

glioma
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Breast Cancer Dose-Risk Relationship

Inskip et al JCO 2009
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RT Dose and Thyroid Cancer Risk

Sigurdson et al, Lancet 2005
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Second Cancer Studies: Caveat Emptor
Uncertainty in Dose Estimation

U. Schneider, L. Walsh / Physica Medica 42 (2017) 228–231
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Modelling Second Cancer Risk Based on 
Radiotherapy Dosimetry

Schneider Organ Equivalent Dose (OED) model 
 (age at exposure, attained age, sex, tissue, volume, dose)

Schneider. Genes, 2011
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Induction of Pre-Malignant Stem Cells: 
A Multi-step Model of SC Induction with Local Cell 

Migration

• Intended to bridge the 
gap between 
microdosimetry studies 
and epidemiologic studies

• Based on Kinetics of 
Stem Cell Repopulation

• Initiation
Shuryak, Sachs, Brenner. Radiation Protection Dosimetry (2011)
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A Multi-step Model of SC Induction

•Radiation:
•Initiation

•Cell Killing

Shuryak, Sachs, Brenner. Radiation Protection Dosimetry (2011)
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A Multi-step Model of SC Induction

Shuryak, Sachs, Brenner. Radiation Protection Dosimetry (2011)

Repopulation of Stem 
Cell Compartments

Progression

Tissue Repair

Malignant 
Transformation
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Although Linear Dose-risk Models Dominate, There is not 
Unanimous Agreement

Dasu A, Toma-Dasu I. Phys. Med. (2017)
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Key Elements of Schneider OED Model
1. Dose-Response : The OED model incorporates different dose-response relationships to predict cancer risk. These include:

o Linear Model: Assumes a direct proportionality between dose and cancer risk, applicable at low doses.

o Linear-Exponential Model: Accounts for cell killing effects at higher doses, reducing cancer risk due to the elimination of 
mutated cells.

o Plateau Model: Reflects a balance between cell killing and repopulation effects, often seen in fractionated radiation 
schemes.

2. Organ-Specific Parameters: The model uses organ-specific parameters derived from data on atomic bomb survivors and 
radiotherapy patients. These parameters include:

o α (alpha): Represents the initial slope of the dose-response curve.

o β (beta): Reflects the quadratic component of cell killing.

o R (repopulation parameter): Accounts for tissue recovery and repopulation.
3. Fractionation and Cell Sterilization: The model considers the impact of fractionation on cancer risk by incorporating the dose 

per fraction and total dose. Cell sterilization effects are also accounted for, particularly at higher doses.

4. Application in Radiotherapy Planning: Schneider's OED model is used to compare cancer risks associated with different 
radiotherapy techniques, such as intensity-modulated radiotherapy (IMRT) and volumetric modulated arc therapy (VMAT).
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Does it Matter if Dose-Risk is Linear or 
Non-Linear: Implications for Transition 

to IMRT and VMAT

Low dose volume increasesHigh dose volume decreases
DOI:10.1155/2016/6829875
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Int. J. Radiation Oncology Biol. Phys., Vol. 81, No. 2, pp. 490–497, 2011
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Int. J. Radiation Oncology Biol. Phys., Vol. 81, No. 2, pp. 490–497, 2011 Int. J. Radiation Oncology Biol. Phys., Vol. 81, No. 2, pp. 490–497, 2011
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Does Matter If Dose-Risk is Linear or 
Non-Linear?15%

Zhang et al. Radiation Oncology (2015) 10:107
DOI 10.1186/s13014-015-0404-x

Dose
Linear no 
threshold

Linear 
5Sv plateau

Linear
exponential 

5Sv 

15% 1.5% <1.0%
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De Bruin M L et al. JCO 2009;27:4239-4246

Dose-Volume-Risk: Breast Cancer Risk in 
Hodgkin Lymphoma Survivors
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Second 
Cancer Site

Relative Risk 
Compared to 

Mantle

Any Solid 0.64 (0.49-0.83)

Female Breast 0.38 (0.19-0.72)

Lung 0.88 (0.54-1.43)

Gastrointestinal 0.56 (0.26-1.19) 

N Engl J Med 2015;373:2499-511

Dose-Volume-Risk: Breast Cancer Risk in Hodgkin 
Lymphoma Survivors
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JNCI J Natl Cancer Inst (2022) 114(9): djac125.   https://doi.org/10.1093/jnci/djac125

Increasing 
risk with 
increasing 
RT dose

Applies to the “whole 
patient” ie useful for 
counselling patients 
about risk
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Increasing Applications of SMN Modelling
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“Intermediate Dose”: 
Is the Risk Related to the Dose, or the Volume?

Irradiating cylinder 10cm diameter, 20cm length

Volume +/- 1cm from edge = 1257 cc

Volume >1 cm inside edge = 1005 cc 

{
{

SCs occurring randomly in the irradiated volume may be expected to occur 
more often in the “intermediate dose” volume not because of lesser cell 
killing, but because it is larger than the high dose volume
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Predicted Impact of Fractionation on Second Cancer Risk: 
More Fractions More Risk (!)

Model predicts that 
for a given dose, SC 
risk increases with 
increasing 
fractionation.

Shuryak, Sachs, Brenner. Radiation Protection Dosimetry (2011)
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Modifiers of Dose-Risk Relationship:
Breast Cancer Risk is Affected by Endogenous Estrogen

Inskip et al JCO 2009
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JNCI J Natl Cancer Inst (2022) 114(9): djac125.   https://doi.org/10.1093/jnci/djac125

Increasing 
risk with 
increasing 
duration of 
ovarian 
function 
(5Gy)

Non-RT Modifiers of Second Cancer Risk
Estrogenic Promotion of Breast Cancer
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What About Diagnostic (CT Scan) Doses?

JAMA Pediatr. 2013;167(8):700-707
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Summary 
• Most data suggest a linear increasing relationship between 

organ dose and risk of second cancer up to 40-60Gy.
• Exceptions are leukemia and thyroid cancer.

• Confidence intervals on these estimates are wide.
• These models leave considerable uncertainty in the prediction of absolute 

risk for any individual, but are useful for predicting the relative potential 
benefit of RT changes to groups of patients treated in different ways.
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Summary
• Radiation is not the only cause of SC in HL patients.

• Chemotherapy, genomic instability
• Requires further consideration in modeling work.

• Diagnostic exposures are a public health problem
• But limited risk for individual patients
• ALARA 
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Thank You
1. Volume effects of radiotherapy on the risk of second primary cancers: A systematic review of 

clinical and epidemiological studies. Radiother Oncol. 2019 Feb;131:150-159. doi: 
10.1016/j.radonc.2018.09.017. Epub 2018 Oct 10. PMID: 30316563  

2. A Review of Radiotherapy-Induced Late Effects Research after Advanced Technology Treatments 
Front Oncol 2016 Feb 10;6:13. doi: 10.3389/fonc.2016.00013. 

3. Special radiobiological features of second cancer risk after particle radiotherapy. Phys Med. 
2017 Oct;42:221-227. doi: 10.1016/j.ejmp.2017.05.002. Epub 2017 Nov 2. PMID: 29103987 

4.  Tumour size can have an impact on the outcomes of epidemiological studies on second cancers 
after radiotherapy. Radiat Environ Biophys. 2018 Nov;57(4):311-319. doi: 10.1007/s00411-018-
0753-6. Epub 2018 Aug 31. PMID: 30171348 

5. Mechanisms of Radiation Bystander and Non-Targeted Effects: Implications to Radiation 
Carcinogenesis and Radiotherapy. Curr Radiopharm . 2018;11(1):34-45. 
doi:10.2174/1874471011666171229123130 

6. Genetic susceptibility to radiation-induced breast cancer after Hodgkin lymphoma. Blood  7 
MARCH 2019 | VOLUME 133, NUMBER 10 

7. Risk of secondary cancers: Bridging epidemiology and modeling. Phys Med. 2017 Oct;42:228-
231. doi: 10.1016/j.ejmp.2017.03.011. Epub 2017 Mar 28. PMID: 28363341 

8. Risk of second cancer after ion beam radiotherapy: insights from animal carcinogenesis studies. 
Int J Radiat Biol . 2019 Oct;95(10):1431-1440. doi: 0.1080/09553002.2018.1547848. Epub 2019 
Jan 8 
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Questions?
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Thank you!

David Hodgson
David.Hodgson@uhn.ca
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