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Abstract: Secondary cancer risk following radiotherapy is an increasingly important topic in 

clinical oncology with impact on treatment decision making and on patient management. Much 

of the evidence that underlies our understanding of secondary cancer risks and our risk estimates 

are derived from large epidemiologic studies and predictive models of earlier decades with large 

uncertainties. The modern era is characterized by more conformal radiotherapy technologies, 

molecular and genetic marker approaches, genome-wide studies and risk stratifications, and 

sophisticated biologically based predictive models of the carcinogenesis process. Four key areas 

that have strong evidence toward affecting secondary cancer risks are 1) the patient age at time 

of radiation treatment, 2) genetic risk factors, 3) the organ and tissue site receiving radiation, 

and 4) the dose and volume of tissue being irradiated by a particular radiation technology. This 

review attempts to summarize our current understanding on the impact on secondary cancer 

risks for each of these known risk factors. We review the recent advances in genetic studies and 

carcinogenesis models that are providing insight into the biologic processes that occur from 

tissue irradiation to the development of a secondary malignancy. Finally, we discuss current 

approaches toward minimizing the risk of radiation-associated secondary malignancies, an 

important goal of clinical radiation oncology.

Keywords: radiation, secondary carcinogenesis, radiation toxicities, radiation techniques, 

second cancer risk, genetic biomarkers, radiobiology modeling

Introduction
The risk of secondary malignancies associated with radiation treatment for cancer 

patients is an area of controversy in clinical radiation oncology. While the prevalence 

of second malignancies after radiotherapy for pediatric and young adult populations 

is well established as one of the significant long-term sequelae of radiation treatment, 

it is uncertain as to whether secondary malignancy estimates from studies on patients 

treated using older radiation techniques are reliable or directly applicable toward the 

broader populations of patients receiving radiotherapy today with contemporary mod-

ern radiation techniques. Despite this uncertainty, it is generally agreed that a major 

goal in modern radiotherapy is to minimize its late effects, which include secondary 

cancer risks.

The greatest challenge in determining risk is that second cancers after radiotherapy 

have a latency of onset of 10 years or greater after the initial treatment.1–4 This long 

interval between treatment and secondary malignancy development makes the risk 

difficult to measure and impractical to test through large prospective clinical trials. 

The latency length also makes it difficult to feasibly demonstrate the efficacy of any 
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proposed interventions to reduce secondary carcinogenesis 

risk, whether by a novel radiotherapy technology or with 

a potential drug. To date, most of the data that are used to 

estimate secondary cancer risks come from large epidemiol-

ogy studies with limited follow-up information and inherent 

uncertainties.

The other major challenge in determining radiation-

associated secondary cancer risk is the limited understanding 

of the complex biological processes involved in radiation 

carcinogenesis. Advances in molecular biology and genom-

ics have brought a deeper understanding of the underlying 

mechanisms that may predispose or determine malignant 

transformation after radiotherapy. Other advances include 

the incorporation of modern genomics and bioinformatics 

to determine cancer risks for subpopulations carrying spe-

cific genetic markers. Over the past decade, we have begun 

to characterize specific signaling pathways involved in 

radiation-associated carcinogenesis that may better stratify 

risks for patients based on their genetic markers.5,6

Further insights have been gained from the advances 

in carcinogenesis modeling, a field which is moving from 

its traditional epidemiology base toward integrating bio-

logically based principles within its framework.7–9 Different 

risk models can show a broad range of predicted absolute 

risks when applied to organ-specific dosimetry models.10 

Modern advances in carcinogenesis modeling include work 

to integrate short-term processes and long-term factors 

into a coherent complex model.7,8 Despite this increasing 

sophistication, much remains unknown about the underly-

ing mechanisms and events leading from tissue irradiation 

to secondary carcinogenesis.

Yet it is more important than ever for clinicians and 

patients to have accurate risk estimates of secondary can-

cers after radiotherapy. Cancer patients are living longer, 

and more patients are receiving radiation therapy as part 

of their treatments. The 5-year survival rate for all cancer 

patients in the United States has steadily and significantly 

increased in the past several decades.11 The populations in 

many countries are aging, leading to a higher prevalence of 

cancers needing radiation treatment, while radiation therapy 

equipment and technologies are becoming increasingly 

available worldwide. For many malignancies treated with 

radiotherapy, it is common to have long-term survivors and 

late radiation toxicities that were once considered unlikely 

are now of relevant concern. For example, secondary cancers 

have emerged to the forefront of management concerns for 

patients with pediatric malignancies or lymphomas. After 

disease recurrence, second cancers are the most common 

cause of treatment-related death in long-term survivors of 

pediatric malignancies.12 What are the risks of developing 

secondary cancers after radiotherapy for different treated sites 

and how are they affected by the ever-changing technologies 

used? How can we optimize their risks without sacrificing 

the therapeutic benefits of radiotherapy?

The goal of this review article is to summarize the exist-

ing literature regarding secondary malignancy risks for 

patients treated with radiotherapy. The primary, traditional 

source of evidence comes from large epidemiology, regis-

try, and cohort studies. Genomic and biomarker studies are 

increasingly reshaping our views in this field. We will also 

summarize the history and recent advances in the field of 

carcinogenesis modeling, which integrates biological pro-

cesses within a mathematical framework to better explain 

the current incidence and predict future risks.

We will organize our discussion into four major areas that 

are known to impact second cancer risks – 1) age, 2) genetics, 

3) tissue/organ treatment site, and 4) volume of irradiated 

tissue for a given radiation technology/technique. Our discus-

sion will interweave results seen from the epidemiologic stud-

ies and discuss aspects of current biological and quantitative 

modeling to predict future risks. We will discuss the impact of 

the increased utilization of modern radiotherapy technologies 

for treating cancers – such as intensity-modulated radiation 

therapy (IMRT), stereotactic body radiotherapy, and proton 

radiotherapy – and their potential implications regarding 

future second malignancy risks. Finally, we will also discuss 

future directions toward optimizing second cancer risks from 

radiation treatment.

Age dependence
There is strong epidemiologic evidence that one of the most 

important factors for determining likelihood of developing 

a secondary malignancy is the age of the patient at the time 

of radiotherapy. It appears that the younger the patient is 

at the time of radiation treatment, the higher the risk is of 

a future second cancer. The strongest evidence of this age 

dependence comes from two large studies – the atomic 

bomb survivors Life Span Study and the Childhood Cancer 

Survivors Study.1–4,13,14 The Life Span Study group estimated 

that relative risk decreased by about 17% per decade increase 

in age at exposure. For the Childhood Cancer Survivors 

Study group and their most recent analysis of more than 

14,000 survivors of pediatric malignancies, there was a 

cumulative incidence of 7.9% for invasive cancers at 30 years 

from primary cancer diagnosis, demonstrating the significant 

secondary malignancy risk for this population.15 Among this 
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cohort, the highest cumulative incidence was for survivors of 

Hodgkin’s lymphoma, followed by survivors of Ewing’s sar-

coma, and then survivors of soft tissue sarcomas. It is notable 

that the cumulative incidence of secondary malignancies at 

30 years of follow-up was higher among those who received 

radiotherapy (10%) versus those who did not (5%).

Among the cohorts of long-term cancer survivors, per-

haps the most well studied group in characterizing secondary 

malignancy risk are the survivors of Hodgkin’s lymphoma 

treated with radiation therapy. In their latest update, the Late 

Effects Study Group followed a cohort of 1,380  children with 

Hodgkin’s disease and tracked their incidence of  second 

neoplasms. After their primary disease relapse, second 

cancers were the next most common cause of mortality 

in these patients. The estimated incidence of any second 

neoplasm was 7% at 15 years after diagnosis of Hodgkin’s 

disease in this cohort.13 The most common solid tumor in 

the Late Effects Study Group cohort was breast cancer, and 

it was recommended that greater systematic screening be 

implemented for this higher risk population, as their risk 

of developing future breast cancers was comparable to that 

of the BRCA population. The findings of the Late Effects 

Study Group were corroborated by the findings from the 

Stanford cohort characterizing their long-term survivors of 

Hodgkin’s lymphoma.16

From these key major epidemiologic studies, one notable 

aspect that has consistently been demonstrated is the sen-

sitivity of subsequent secondary malignancy risk and the 

age at time of radiation treatment. For example, the risk of 

patients developing subsequent breast cancers was signifi-

cantly higher for those patients receiving radiation treatment 

before the age of 30. This age dependence increased with 

earlier age with the highest relative risk for those patients 

treated before the age of 15, suggesting that the highest risk 

for secondary cancers after radiotherapy may be for those 

patients receiving their radiation treatment during the teenage 

or young adult years. For those patients receiving radiation 

treatment after the age of 30, the risk appeared to be small 

or not elevated.17

Genetic factors
The rapid advances in molecular genomics have reshaped 

our ability to understand genetic susceptibility to second 

cancer risks after radiotherapy. Genome-wide association 

studies have been used to identify potential genetic markers 

that can be associated with increased second cancer risks, 

particularly single-nucleotide polymorphisms or genes 

associated with the radiation response pathway. This genetic 

marker approach may better characterize the heterogeneous 

radiation-associated secondary cancer risks within patient 

subpopulations in the future.

One of the most prominent investigational groups in 

this area has been the Women’s Environment, Cancer, and 

Radiation Epidemiology cohort study.5,18–20 This large study 

follows over 52,000 female breast cancer survivors to study 

the interaction between radiation exposure and genetic pre-

disposition toward breast cancer. Among the myriad potential 

pathways, there has been particular emphasis from Women’s 

Environment, Cancer, and Radiation Epidemiology on ATM 

and BRCA1/BRCA2 mutations and its association with 

radiation-related contralateral breast cancer, likely due to 

the role of these genes in the radiation response pathway and 

their association with genomic instability and perhaps with 

increased radiation-associated second cancer risk.19 Among 

the key findings from this cohort study is that there was no 

clear evidence of increased contralateral breast cancer risk 

for patients treated with breast radiotherapy among carriers of 

BRCA1/BRCA2 deletion mutations.20 However, patients who 

carried rare ATM mutations appeared to be at an increased 

risk of contralateral breast cancer after radiation.5

With the emergence of numerous genome-wide associa-

tion studies and other genome-wide study methodologies, 

there is a potential cascade of future genetic markers or path-

ways that will be discovered to be associated with increased 

second cancer risks for particular genetic  populations. In 

addition to the ATM and BRCA pathways, other potential 

markers of secondary cancer risks include p53, CHEK2, 

PALB2, and PTEN.21 One particular pathway of interest 

that has been proposed is the PRDM1 gene, which has been 

implicated in radiation-associated secondary malignan-

cies after Hodgkin’s lymphoma,6 perhaps by serving as a 

radiation-responsive tumor suppressor. Two genetic variants 

at chromosome 6q21 have been proposed as risk loci for 

secondary malignancy predisposition. Current studies are 

undergoing in characterizing the PRDM1 and other pathways, 

reflecting the way that the field will likely evolve. Future 

studies will emphasize understanding at a molecular level 

of the complex interactions between genetic predisposing 

factors and the processes underlying radiation-associated 

carcinogenesis.

Tissue and organ dependence
It has been known for decades from the clinical literature 

and large epidemiologic studies that there is a significant 

tissue and organ dependence to radiation-associated sec-

ondary cancer risk. The most well characterized group has 
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been the survivors of Hodgkin’s lymphoma who received 

chest irradiation as part of the treatment. After a latency 

of many years, breast cancers and sarcomas were the most 

common second invasive tumors noted. Other tissues and 

treated sites have less clinical follow-up information, 

most likely due to limitations in following large groups of 

patients over decades as was done for the Childhood Cancer 

Survivors Study.

While patients who received chest radiation for  Hodgkin’s 

lymphoma during adulthood have established increased 

risks of developing future breast cancers, hence requiring 

closer surveillance, the risks of radiation-associated second 

cancer risks in other sites are likely much lower. The Insti-

tut Curie group examined their .13,000 patients who had 

received breast radiotherapy and found a slightly increased 

risk of subsequent sarcomas and lung cancers, but not other 

types of cancers.22 Brenner et al23 performed a large-scale 

 Surveillance, Epidemiology, and End Results Program analy-

sis on patients treated with prostate radiotherapy and found 

a small, statistically significant increase in the risk of solid 

tumors of the bladder and rectum, a finding which has been 

corroborated by others.24 Other treated sites that have been 

investigated include cervical cancer radiation therapy, which 

did not find any increased risk of developing a second cancer 

after radiotherapy,25 again demonstrating that the impact of 

the tissue and organ irradiated is important and that the risks 

of second cancer development for the pediatric and young 

adult population probably differs significantly from the adult 

population.

Similar to the association of genetic markers and pre-

disposing factors with second cancer risks, there is a strong 

dependence of the type of tissue irradiated and likelihood of 

subsequent carcinogenesis. Significant work done on atomic 

bomb survivors Life Span Study showed a predilection for cer-

tain types of cancer over others after radiation exposure, risks 

which are sensitive to the age and dose of exposure. These 

risks and their dependent factors can be demonstrated by the 

model predictions for risk estimates for atomic bomb survi-

vors as shown in Figure 1. In the setting of such large range of 

uncertainties for different tissues and doses,  guidelines from 
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Figure 1 The curves are best-fit model predictions for ERR/Gy estimates from atomic bomb survivors.
Abbreviations: eRR, estimated relative risk; CNS, central nervous system.
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Trial: IMRT Trial: 4F boxTransverse

Dose comparison

Figure 2 A side-by-side comparison of the relative dosimetries between an iMRT plan (left) and a 3-D conformal radiotherapy plan (right).
Note: Photo courtesy of Dr Jenghwa Chang, PhD, from weill-Cornell Medical College, New York-Presbyterian Hospital, New York, NY, USA.
Abbreviations: iMRT, intensity-modulated radiation therapy; 3-D, three dimensional.

the International Commission on  Radiological  Protection 

(ICRP) and from the National Academy of  Sciences through 

the Biological Effects of Ionizing  Radiation (BEIR) reports 

have been developed and continually updated to help prac-

titioners and guidelines with estimating risks from radiation 

exposure doses.26,27 These models serve as practical guide-

lines, particularly for radiation protection purposes, but lack 

sophistication and are probably unreliable at low and high 

radiation doses. The complex biologic processes that underlie 

the carcinogenic processes for the different tissue and organ 

sites will require future studies to unravel. While it is difficult 

to draw conclusive predictive estimates about the relationship 

between the irradiated tissue and radiation risk, its clinical 

importance highlights the importance of long-term patient 

follow-up and of improving carcinogenesis risk models.

Modern radiotherapy technologies 
and dose–volume dependence
One of the most difficult challenges in assessing secondary 

cancer risks from large epidemiologic studies is that the 

radiotherapy technique and technologies are perpetually 

changing and evolving. These technical advances have mark-

edly impacted the amount of radiation dose and  volume of 

irradiated tissue as well as the likelihood of acute and late 

radiation-associated toxicities. As more  conformal techniques 

have led to better tolerated treatments with less side effects, as 

in, eg, head and neck radiotherapy and prostate radiotherapy, 

it may be argued that we may expect a similar impact on late 

effects, particularly second cancer risks.

The most notable of the recent advances in radiation 

 treatment may be the increased utilization of IMRT, which 

has led to the ability to concentrate radiation dose to the  target 

volume while sparing normal tissues.28 The difference in 

conformality between the older 3-D conformal radiotherapy 

technique and the IMRT technique can be demonstrated by 

the side-by-side comparison of prostate radiotherapy plans in 

Figure 2. Other technologies that have become increasingly 

utilized in recent years include Volumetric Modulated Arc 

Therapy (VMAT) and charged particle therapy, including 

proton therapy. With radiotherapy techniques dramatically 

changing the dose and volume of radiation for so many 

sites of radiotherapy, the applicability of the outcomes from 

the large epidemiologic studies of earlier decades utilizing 

outdated techniques to the modern context is unclear.

Furthermore, whether these newer radiotherapy technolo-

gies will necessarily reduce second cancer risks is also not 

clear. For example, the marked shift in radiotherapy from 

3-D conformal techniques to IMRT and its implications for 

future second cancer risks has been a subject of debate.29–32 

While IMRT often delivers more conformal radiation doses 

to the treated target volume, it often involves using more 

radiation fields and exposes a larger volume of normal tissue 

to lower doses. In addition, there is often greater background 

leakage radiation from IMRT compared with 3-D conformal 

treatment planning. The expansion of large areas receiving 

low doses of radiation has led some to argue that the risk of 

secondary cancers will be substantially increased, as much 

as possibly doubling the incidence of second  malignancies 
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 compared with conventional radiotherapy for patients 

 surviving 10 years.33 Despite these concerns, IMRT has been 

rapidly adopted and is now highly utilized in many sites, 

ranging from pediatric malignancies to prostate cancer.

Radiotherapy techniques have evolved beyond IMRT 

toward possibly even more conformal techniques, such as 

stereotactic body radiotherapy, volumetric-arc-based therapy 

(VMAT), and proton radiotherapy. Their comparative impli-

cations toward second cancer risks are still unknown and 

will require further investigation. For example, the region 

of normal tissue receiving low dose exposure may be even 

greater with VMAT. One of the oft-cited advantages of proton 

radiotherapy is the resultant decrease in integral dose from 

protons, but some have speculated that the increased scatter 

dose of neutrons led to large uncertainties regarding second 

cancer risks for patients treated with proton radiotherapy.32 

This issue is of particular concern for pediatric patients, 

where the risk of second cancers for nearby irradiated organs 

and its relationship with dose and irradiated volume is well 

established.34 For a clear clinical example, it is known that 

proton radiotherapy may potentially provide a significant 

dosimetric advantage in craniospinal irradiation for  pediatric 

medulloblastoma patients. Do these potential dosimetric 

advantages and theoretical late effects’ benefits outweigh 

the potential financial and logistic burdens for patients and 

families when determining the radiotherapy technology to 

treat medulloblastoma patients?35,36

The unclear implications for second cancer risk of novel 

radiotherapy techniques despite their rapid adoption and 

utilization for treating patients emphasizes the critical value 

of dosimetric and modeling investigations. An example of 

the predicted risks associated with high-dose fractionated 

radiotherapy is shown in Figure 3. These clinical challenges 

are often dynamically evolving questions. For example, many 

radiation oncologists point out that the large radiation fields 

used in the past to treat Hodgkin’s lymphoma patients in the 

long-term epidemiologic studies such as the Late Effects 

Study Group are markedly different from the smaller, more 

conformal, and lower radiation dose fields used to treat lym-

phoma patients today. In breast cancer patients, the utilization 

of the prone technique for breast radiotherapy likely leads to 

lower doses of irradiated lung tissue,29 possibly leading to a 
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lower predicted risk of subsequent secondary lung cancers.30 

Until large epidemiologic studies with long-term follow-up 

report their results for these newer techniques, we will be 

dependent on dosimetric and modeling studies to provide 

important quantitative predictive information that may guide 

important clinical decisions.

Often, a first-order approximation can be made using 

linear risk modeling such as the BEIR VII model, which 

is simpler in formalism. However, the accuracy at estimat-

ing second cancer risk may be limited, as demonstrated by 

a recent study on estimating secondary cancer risks from 

modern breast radiotherapy techniques using Monte Carle 

dose calculations. This study showed that using linear risk 

models such as the BEIR VII model and more modern non-

linear risk models could result in a broad range of predicted 

second cancer risks.37 Fortunately, the field of carcinogenesis 

modeling and quantitative risk assessment has advanced in 

sophistication in recent years.

Advances in carcinogenesis 
modeling
Biologically motivated mathematical modeling of carcino-

genesis has a history spanning several decades.38,39 Many 

biologically based models can be characterized as short 

term, in that they focus on those processes occurring during 

and shortly (ie, about 1 month or less) after irradiation.40–60 

Many short-term models are motivated toward radiation-

induced cancer risk estimation at low radiation doses,61 but 

some have also been adapted to predict radiotherapy-induced 

second cancers.42,59,60,62 The main advantage of this class of 

models is that they provide a detailed initial dose response 

for short-term endpoints, which are used as surrogates for 

carcinogenesis. The main disadvantage is that the possibly 

substantial modulations of the magnitude and shape of this 

initial dose response during the lengthy period (multiple 

years-decades in humans) between irradiation and manifes-

tation of typical solid tumors are not considered; a simple 

proportional hazards assumption, plausible at low doses, 

becomes questionable at the high doses responsible for some 

second cancers.

A classical example of a short-term carcinogenesis for-

malism is the linear–quadratic exponential model, which 

assumes that radiation-induced carcinogenesis is primarily 

governed by a balance of cell mutation (also commonly 

referred to as initiation) and cell killing (often referred 

to as inactivation).63 The linear–quadratic exponential 

equation uses the classic linear–quadratic form both for 

radiation- induced initiation (ie, aD + bD2, where D is 

radiation dose and a and b are adjustable parameters) and 

for  radiation-induced inactivation (exp[−αD − βD2], where 

α and β are adjustable parameters). It has been applied to 

data from Japanese atomic bomb survivors61 and to radio-

therapy-treated cancer patients.62

At low and intermediate radiation doses (ie, up to a few 

Gy), the equation predicts that the radiogenic cancer risk is an 

increasing function of dose. This is because at such doses the 

risk is dominated by initiation, and inactivation has a limited 

effect because the majority of cells can survive the  exposure. 

At high doses (eg, much greater than 5 Gy), however, the 

exponential inactivation term leads to a very small predicted 

radiogenic risk, because essentially all radiation-initiated 

cells would be inactivated by the radiation.

The linear–quadratic exponential model often underesti-

mates the risks of high radiation doses, presumably because it 

describes only the processes of cell initiation and  inactivation. 

A biologically plausible explanation for the persistence of 

large risks at high fractionated doses delivered during cancer 

radiotherapy is that cell proliferation during the time intervals 

between dose fractions and shortly after treatment stops negates 

much of the effect of cell inactivation. The recent models by 

Schneider and Kaser-Hotz59 and Schneider and Walsh60 address 

this issue by providing a semi-empirical or phenomenologi-

cal treatment of cell proliferation (and possibly other relevant 

 factors that alter the dose response at high doses).

In contrast to phenomenological models, the so-called 

initiation, inactivation, and proliferation models55–57,64,65 

involve a relatively detailed mechanistic treatment of the 

three short-term processes that give the models their name 

throughout the course of a typical high-dose (tens of Gy) 

fractionated radiotherapy regimen and during a subsequent 

tissue recovery period of a number of weeks. For example, 

the model developed by Wheldon et al64 and Lindsay65 is 

based on familiar two-stage concepts: Normal stem cells 

can be mutated to a premalignant (initiated) state, either 

spontaneously or by radiation. These once-mutated cells 

can, with a certain probability, acquire the second mutation, 

which makes them fully malignant. In addition to elevating 

the initiation rate, radiation can inactivate (kill, ie, repro-

ductively sterilize) both normal and initiated cells. A key 

concept in the model involves compensatory proliferation 

of both normal and initiated cells after some of these cells 

have been inactivated by radiation. The model is mainly 

deterministic, but an approximation for stochastic extinction 

of all initiated cells after high doses of radiation is made. If 

all initiated cells in the organ are killed, then only normal 

cells participate in repopulation.
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The initiation, inactivation, and proliferation modeling 

approach for solid tumors was further refined by Sachs and 

Brenner.55 Here initiation, inactivation, and proliferation pro-

cesses were tracked in detail throughout the radiotherapy and 

subsequent tissue recovery periods, either deterministically 

or stochastically.56 In particular, cell proliferation of both 

normal and premalignant cells was calculated in the time 

gaps between dose fractions, as well as during a recovery 

period after radiotherapy ends. Eventual risk of cancer was 

assumed to be proportional to the number of premalignant 

(initiated) cells present after radiotherapy and recovery, by 

the time when homeostatic organ repopulation has been 

completed.

By contrast with the short-term models described so far, 

another class of biologically motivated quantitative models 

can be characterized as long-term, in the sense that they track 

carcinogenesis mechanisms throughout the entire human 

or animal life span, eg, the Armitage–Doll model,39,66 the 

Moolgavkar–Venzon–Knudson two-stage clonal expansion 

(TSCE) model,67–69 the two-stage logistic model,70 and many 

others.71–76 The main advantages of long-term models are 

1) including the modulation of the radiation dose response 

during the long latency period between radiation exposure 

and diagnosis of cancer and 2), the fact that radiation carcino-

genesis is usually treated as just a perturbation of background 

carcinogenesis, so that extensive data on spontaneous cancers 

can be used to help determine the adjustable parameters 

needed to estimate cancer risks. The main disadvantage is 

that the early radiation response is typically treated in a less 

mechanistic, more phenomenological, manner than in the 

short-term models, and similarly for the dose-rate response. 

This disadvantage can be partially alleviated by suitable 

semi-mechanistic assumptions about the short-term aspects 

of the dose response, eg, the effects of cell repopulation, 

which partially compensate for cell killing by radiation,77 and 

cell–cell interactions, which can accelerate the proliferation 

of premalignant cells causing radiogenic promotion.

This class includes the earliest of the commonly used 

mathematical models of carcinogenesis – the pioneering 

models of Nordling38 and Armitage and Doll.39 They are 

based on the concept that cancer originates from an ances-

tral target somatic cell, whose lineage has accumulated 

several relevant alterations (ie, changes that are passed on 

to daughter cells). In current applications of these models, 

the target cells are usually thought of as organ-specific stem 

cells; the relevant alterations are thought to be mutations 

occurring in oncogenes and tumor suppressor genes, though 

chromosome rearrangements such as balanced translocations 

or inversions, copy number changes, or epigenetic changes 

are also sometimes discussed. Once a cell has accumulated 

all the necessary mutations, it becomes fully malignant 

and can subsequently (after some lag period) develop into 

a clinical cancer. Variants of the Armitage–Doll model 

intended for prediction of radiation-induced cancer risk have 

been applied to data sets such as the Japanese atomic bomb 

survivors.73,74

Two-stage models with clonal expansion are based on 

the broad paradigm of initiation, promotion, transformation, 

and progression in carcinogenesis, which has been applied 

to numerous studies of chemically induced and radiation-

induced tumors in experimental animals. They are also 

sometimes motivated by the concept of “two-hit” recessive 

oncogenesis, developed by Knudson78 to describe the data on 

sporadic and inherited forms of human retinoblastoma. The 

most widely used representative of this class is the TSCE 

model.67,68 It assumes that a stem cell which has acquired 

a single relevant mutation has a slight growth or survival 

advantage relative to normal cells (eg, can proliferate at a 

faster rate and/or is more resistant to apoptotic signals). Over 

time, the growth advantage leads to clonal expansion of the 

mutated premalignant cell. When any cell within the clone 

acquires a second oncogenic mutation, it becomes a fully 

malignant cell, which can grow into a clinical cancer.

The TSCE model has been fitted to numerous data sets on 

spontaneous and carcinogen-induced tumors in animals and 

humans.79–82 Spontaneous cancer incidence in humans over 

the age range of 20–70 years is typically described very well, 

marginally better than by the previously discussed multistage 

models without clonal expansion, although the small differ-

ences in quality of fit are typically not statistically significant. 

The mechanistic implications are, however,  different. In the 

models without clonal expansion, the “slope” of the sponta-

neous age-dependent cancer incidence curve is determined 

by the number of stages (mutations) on the pathway toward 

cancer. In the TSCE model, it is determined mainly by the 

net clonal expansion rate of initiated cells (ie, by the differ-

ence between proliferation and death/differentiation rates 

for these cells).

It is well known that cells in many tumors are genomically 

unstable. Many recent models of spontaneous carcinogenesis 

focus on genomic instability.73,74 It has also been included 

in models of radiation-induced cancers.71,72,75 Typically, in 

such models genomic instability is added to a multistage 

framework that essentially represents an extension of the 

concepts used in both the stochastic TSCE model and 

the Armitage–Doll model.
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The incidence of typical adult-onset solid tumors rises quite 

steeply with age in the age range of 20–70 years. At older ages, 

however, the increase in incidence slows down and, for some 

cancers (eg, breast, lung), is apparently reversed – incidence 

decreases for ages .80 (eg,  Surveillance,  Epidemiology, and 

End Results database, http://seer.cancer.gov). Similar trends 

are seen in some animal cancer data sets.83

The reasons for these old age phenomena are not fully under-

stood. Variations in spontaneous carcinogenesis rates between 

individuals can also be important: If some individuals are more 

susceptible to getting cancer, eg, because of some subtle defects 

in antineoplastic cell signaling or DNA repair capacity, they 

will get cancer at an earlier age. The oldest age groups will be 

depleted of these individuals and enriched for those with lower 

cancer susceptibility. There may also be true physiological 

reasons for a turnover in  cancer incidence at old age. A likely 

mechanism is senescence of stem cells and/or deterioration of 

stem cell function, or niche function, with age.84–86

The old age effects on cancer incidence are handled and 

explained differently in the context of the different commonly 

used carcinogenesis models. For example, the Armitage–Doll 

model with realistic parameters predicts that cancer incidence 

should continue to increase roughly as a power of age for ages 

beyond 80 years. The TSCE and two-stage logistic models 

predict an asymptotic flattening of the incidence hazard func-

tion at old age. This prediction is somewhat at odds with the 

data mentioned before, which suggest a decrease in cancer 

incidence at very old ages. Such data are becoming progres-

sively more difficult to ignore, because as more people survive 

to older ages, the incidence statistics for ages beyond 80 are 

becoming more accurate and more difficult to explain by poor 

diagnosis and incomplete adjustment for competing risks.

The mathematical structure of two-stage and multistage 

cancer models discussed so far precludes them from predicting 

a decrease in cancer incidence at old ages.75 A new model that 

explicitly addresses this issue was developed by Pompei and 

Wilson.83,87,88 The model assumes that carcinogenesis proceeds 

according to Armitage–Doll multistage principles throughout 

most of the life span of an individual. At old ages, it is modi-

fied by a “cancer extinction” term. An important qualitative 

implication of the Pompei–Wilson model is that lifetime 

cancer incidence is predicted to be less than unity, ie, cancer 

is not a certainty even in the absence of  competing risks.

In general, the lack of detailed treatment of radiation-

specific effects typically limits risk predictions from long-

term models to exposure conditions where a known shape 

for the early dose–response relationship, eg, a linear shape, 

holds. Situations where this dose–response relationship 

itself requires mechanistic analyses, such as at high fraction-

ated radiotherapeutic doses, are difficult to describe solely 

with long-term models. Conversely, the more detailed dose 

responses produced by short-term models can be converted 

into cancer risk at much later times only by considering the 

effects of factors such as age at exposure and time since expo-

sure, which are not explicitly taken into account by the short-

term formalisms. A unified approach of integrating short- and 

long-term formalisms is needed, where a detailed initial dose 

response for premalignant cell numbers is produced over a 

wide range of doses, and changes to the shape of this dose 

response over the latency period before the development of 

cancer are also analyzed. Specific examples of mechanistic 

models of spontaneous and radiation-induced carcinogenesis 

unifying short- and long-term processes were developed by 

Shuryak et al.7,8,37 Alternative examples of unifying long- and 

short-term models are certainly possible. A summary of the 

widely accepted short and long-term carcinogenesis models 

is provided in Table 1.

Summary
While reported clinical outcomes from following long-term 

survivors in large epidemiologic studies have provided 

significant insights and much of the clinical evidence on 

the impact of radiotherapy for second cancer risks, the 

application of these findings toward optimizing risks in 

the modern clinical setting remains controversial and an 

evolving field of investigation. Genetic markers, molecular 

pathways, and evolving radiation techniques will serve to 

more accurately define these risks for subgroups of patients 

in the emerging era of personalized medicine. There remain 

many  unanswered questions in this field that await further 

advances in modern genetics and carcinogenesis modeling 

to address. Future insights and novel tools for optimizing 

second cancer risks will be invaluable for making treatment 

decisions to benefit cancer patients.

Table 1 A summary of contemporary carcinogenesis models

Biological model Advantages/disadvantages

Linear–quadratic  
exponential model

Short-term model, simple in formalism 
Underestimates risks of high radiation doses

initiation, inactivation,  
proliferation model

Short-term model, accounts for 
compensatory proliferation

Armitage–Doll model Long-term model, accounts for background 
carcinogenesis

Two-stage clonal  
expansion model

Long-term model, fits spontaneous 
cancer incidence in humans well (to an 
approximation)

Shuryak–Brenner  
model

Unified approach of integrating short- and 
long-term formalisms and biological processes

www.dovepress.com
www.dovepress.com
www.dovepress.com
http://seer.cancer.gov


Cancer Management and Research 2015:7submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

10

Ng and Shuryak

Disclosure
There are no conflicts of interest to disclose for any of the 

authors.

References
 1. Preston DL, Ron E, Tokuoka S, et al. Solid cancer incidence in atomic 

bomb survivors: 1958–1998. Radiat Res. 2007;168:1–64.
 2. Metayer C, Lynch CF, Clarke EA, et al. Second cancers among long-

term survivors of Hodgkin’s disease diagnosed in childhood and 
adolescence. J Clin Oncol. 2000;18:2435–2443.

 3. Travis LB, Hill D, Dores GM, et al. Cumulative absolute breast cancer 
risk for young women treated for Hodgkin lymphoma. J Natl Cancer 
Inst. 2005;97:1428–1437.

 4. Lorigan P, Radford J, Howell A, Thatcher N. Lung cancer after treat-
ment for Hodgkin’s lymphoma: a systematic review. Lancet Oncol. 
2005;6:773–779.

 5. Bernstein JL, Haile RW, Stovall M, et al; WECARE Study  Collaborative 
Group. Radiation exposure, the ATM gene, and contralateral breast 
cancer in the women’s environmental cancer and radiation  epidemiology 
study. J Natl Cancer Inst. 2010;102(7):475–483.

 6. Best T, Li D, Skol AD. Variants at 6q21 implicate PRDM1 in the 
etiology of therapy-induced second malignancies after Hodgkin’s 
lymphoma. Nat Med. 2011;17(8):941–943.

 7. Shuryak I, Hahnfeldt P, Hlatky L, Sachs RK, Brenner DJ. A new view 
of radiation-induced cancer: integrating short- and long-term processes. 
Part I: approach. Radiat Environ Biophys. 2009;48:263–274.

 8. Shuryak I, Hahnfeldt P, Hlatky L, Sachs RK, Brenner DJ. A new view 
of radiation-induced cancer: integrating short- and long-term  processes. 
Part II: second cancer risk estimation. Radiat Environ Biophys. 
2009;48:275–286.

 9. Shuryak I, Sachs RK, Brenner DJ. A new view of radiation-induced 
cancer. Radiat Prot Dosimetry. 2011;143:358–364.

 10. Joosten A, Bochud F, Moeckli R. A critical evaluation of  secondary 
cancer risk models applied to Monte Carlo dose distributions of 
2-dimensional, 3-dimensional conformal and hybrid intensity-
modulated radiation therapy for breast cancer. Phys Med Biol. 
2014;59(16):4697–4722.

 11. Howlader N, Noone A, Krapcho M, et al. SEER Cancer Statistics 
Review, 1975–2010. Bethesda: National Cancer Institute; 2013.

 12. Armstrong GT, Liu Q, Yasui Y, et al. Late mortality among 5-year 
survivors of childhood cancer: a summary from the Childhood Cancer 
Survivor Study. J Clin Oncol. 2009;27:2328–2338.

 13. Bhatia S, Robison LL, Oberlin O, et al. Breast cancer and other 
second neoplasms after childhood Hodgkin’s disease. N Engl J Med. 
1996;334(12):745–751.

 14. Morton LM, Onel K, Curtis RE. The rising incidence of second cancers: 
patterns of occurrence and identification of risk factors for children and 
adults. Am Soc Clin Oncol Educ Book. 2014;34:e57–e67.

 15. Friedman DL, Whitton J, Leisenring W, et al. Subsequent neoplasms in 
5-year survivors of childhood cancer: the Childhood Cancer Survivor 
Study. J Natl Cancer Inst. 2010;102:1083–1095.

 16. Wolden SL, Lamborn KR, Cleary SF, Tate DJ, Donaldson SS. 
 Second cancers following pediatric Hodgkin’s disease. J Clin Oncol. 
1998;16:536–544.

 17. Hancock SL, Tucker MA, Hoppe RT. Breast cancer after treatment of 
Hodgkin’s disease. J Natl Cancer Inst. 1993;85:25–31.

 18. Brooks JD, Boice JD Jr, Stovall M, et al; WECARE Collaborative Group. 
Reproductive status at first diagnosis influences risk of radiation-induced 
second primary contralateral breast cancer in the WECARE study. Int 
J Radiat Oncol Biol Phys. 2012;84(4):917–924.

 19. Brooks JD, Teraoka SN, Reiner AS, et al; WECARE Study  Collaborative 
Group. Variants in activators and downstream targets of ATM, radiation 
exposure, and contralateral breast cancer risk in the WECARE study. 
Hum Mutat. 2012;33:158–164.

 20. Bernstein JL, Thomas DC, Shore RE, et al; WECARE Study 
 Collaborative Group. Contralateral breast cancer after radiotherapy 
among BRCA1 and BRCA2 mutation carriers: a WECARE study report. 
Eur J Cancer. 2013;49:2979–2985.

 21. Pierce LJ, Haffty BG. Radiotherapy in the treatment of hereditary breast 
cancer. Semin Radiat Oncol. 2011;21(1):43–50.

 22. Kirova YM, Gambotti L, De Rycke Y. Risk of second malignancies after 
adjuvant radiotherapy for breast cancer: a large-scale, single-institution 
review. Int J Radiat Oncol Biol Phys. 2007;68(2):359–363.

 23. Brenner DJ, Curtis RE, Hall EJ, Ron E. Second malignancies in prostate 
carcinoma patients after radiotherapy compared with surgery. Cancer. 
2000;88(2):398–406.

 24. Liauw SL, Sylvester JE, Morris CG. Second malignancies after prostate 
brachytherapy: incidence of bladder and colorectal cancers in patients 
with 15 years of potential follow-up. Int J Radiat Oncol Biol Phys. 
2006;66(3):669–673.

 25. Boice JD Jr, Day NE, Andersen A. Second cancers following radiation 
treatment for cervical cancer. An international collaboration among 
cancer registries. J Natl Cancer Inst. 1985;74(5):955–975.

 26. ICRP. Recommendations of the International Commission on Radio-
logical Protection. Ann ICRP. 2007;37:2–4.

 27. BEIR. Health Risks from Exposure to Low Levels of Ionizing Radiation: 
BEIR VII, Phase 2. Washington, DC: National Academy of Science; 
2006.

 28. Intensity Modulated Radiation Therapy Collaborative Working Group. 
Intensity-modulated radiotherapy: current status and issues of interest. 
Int J Radiat Oncol Biol Phys. 2001;51(4):880–914.

 29. Griem KL, Fetherston P, Kuznetsova M. Three-dimensional photon 
dosimetry: a comparison of treatment of the intact breast in the supine and 
prone position. Int J Radiat Oncol Biol Phys. 2003;57(3):891–899.

 30. Ng J, Shuryak I, Xu Y. Predicting the risk of secondary lung malignan-
cies associated with whole-breast radiation therapy. Int J Radiat Oncol 
Biol Phys. 2012;83(4):1101–1106.

 31. Hall EJ. Intensity-modulated radiation therapy, protons, and the risk of 
second cancers. Int J Radiat Oncol Biol Phys. 2006;65(1):1–7.

 32. Hall EJ. The impact of protons on the incidence of second malignancies 
in radiotherapy. Technol Cancer Res Treat. 2007;6(Suppl 4):31–34.

 33. Hall EJ, Wuu CS. Radiation-induced second cancers: the impact of 
3D-CRT and IMRT. Int J Radiat Oncol Biol Phys. 2003;56(1): 83–88.

 34. Constine LS, Tarbell N, Hudson MM. Subsequent malignancies in 
children treated for Hodgkin’s disease: associations with gender and 
radiation dose. Int J Radiat Oncol Biol Phys. 2008;72(1):24.

 35. Johnstone PA, McMullen KP, Buchsbaum JC. Pediatric CSI: are 
protons the only ethical approach? Int J Radiat Oncol Biol Phys. 
2013;87(2):228–230.

 36. Wolden SL. Protons for craniospinal radiation: are clinical data 
 important? Int J Radiat Oncol Biol Phys. 2013;87(2):231–232.

 37. Shuryak I, Sachs RK, Brenner DJ. Cancer risks after radiation exposure 
in middle age. J Natl Cancer Inst. 2010;102(21):1628–1636.

 38. Nordling CO. A new theory on the cancer inducing mechanism. Br J 
Cancer. 1953;7:68–72.

 39. Armitage P, Doll R. The age distribution of cancer and a multi-stage 
theory of carcinogenesis. Br J Cancer. 1954;VIII:1–12.

 40. Nilsson P, Thames HD, Joiner MC. A generalized formula-
tion of the ‘incomplete-repair’ model for cell survival and tissue 
response to fractionated low dose-rate irradiation. Int J Radiat Biol. 
1990;57(1):127–142.

 41. Thames HD. An ‘incomplete-repair’ model for survival after fractionated 
and continuous irradiations. Int J Radiat Biol Relat Stud Phys Chem 
Med. 1985;47(3):319–339.

 42. Dale RG. The application of the linear-quadratic model to fractionated 
radiotherapy when there is incomplete normal tissue recovery between 
fractions, and possible implications for treatments involving multiple 
fractions per day. Br J Radiol. 1986;59(705):919–927.

 43. Sontag W. A discrete cell survival model including repair after high dose-
rate of ionizing radiation. Int J Radiat Biol. 1997;71(2):129–144.

www.dovepress.com
www.dovepress.com
www.dovepress.com


Cancer Management and Research

Publish your work in this journal

Submit your manuscript here: http://www.dovepress.com/cancer-management-and-research-journal

Cancer Management and Research is an international, peer-reviewed 
open access journal focusing on cancer research and the optimal use of 
preventative and integrated treatment interventions to achieve improved 
outcomes, enhanced survival and quality of life for the cancer patient. 
The journal welcomes original research, clinical & epidemiological 

studies, reviews & evaluations, guidelines, expert opinion & commen-
tary, case reports & extended reports. The manuscript management 
system is completely online and includes a very quick and fair peer-
review system, which is all easy to use. Visit http://www.dovepress.com/ 
testimonials.php to read real quotes from published authors.

Cancer Management and Research 2015:7 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

DovepressDovepress

11

Minimizing second cancer risk following radiotherapy

 44. Lange CS, Mayer PJ, Reddy NM. Tests of the double-strand break, 
lethal-potentially lethal and repair-misrepair models for mamma-
lian cell survival using data for survival as a function of delayed-
plating interval for log-phase Chinese hamster V79 cells. Radiat Res. 
1997;148(3):285–292.

 45. Zaider M, Wuu CS. The effects of sublethal damage recovery and 
cell cycle progression on the survival probability of cells exposed to 
radioactive sources. Br J Radiol. 1995;68(805):58–63.

 46. Stewart RD. Two-lesion kinetic model of double-strand break rejoining 
and cell killing. Radiat Res. 2001;156(4):365–378.

 47. Curtis SB. Lethal and potentially lethal lesions induced by radiation – a 
unified repair model. Radiat Res. 1986;106(2):252–270.

 48. Tobias CA. The repair-misrepair model in radiobiology: comparison 
to other models. Radiat Res Suppl. 1985;8:S77–S95.

 49. Radivoyevitch T, Kozubek S, Sachs RK. Biologically based risk esti-
mation for radiation-induced CML. Inferences from BCR and ABL 
geometric distributions. Radiat Environ Biophys. 2001;40(1):1–9.

 50. Hahnfeldt P, Hlatky L. Resensitization due to redistribution of cells in 
the phases of the cell cycle during arbitrary radiation protocols. Radiat 
Res. 1996;145(2):134–143.

 51. Hahnfeldt P, Hlatky L. Cell resensitization during protracted dosing of 
heterogeneous cell populations. Radiat Res. 1998;150(6):681–687.

 52. Mebust M. Testing extrapolation of a biologically based exposure-
response model from in vitro to in vivo conditions. Regul Toxicol 
Pharmacol. 2002;35(1):72–79.

 53. Schollnberger H. Nonlinear dose-response relationships and inducible 
cellular defence mechanisms. J Radiol Prot. 2002;22(3A):A21–A25.

 54. Hofmann W. Modeling lung cancer incidence in rats following 
exposure to radon progeny. Radiat Prot Dosimetry. 2006;122(1–4): 
345–348.

 55. Sachs RK, Brenner DJ. Solid tumor risks after high doses of ionizing 
radiation. Proc Natl Acad Sci U S A. 2005;102(37):13040–13045.

 56. Sachs RK. Second cancers after fractionated radiotherapy: stochastic 
population dynamics effects. J Theor Biol. 2007;49(3):518–531.

 57. Shuryak I. Radiation-induced leukemia at doses relevant to radiation 
therapy: modeling mechanisms and estimating risks. J Natl Cancer 
Inst. 2006;98(24):1794–1806.

 58. Little MP. A multi-compartment cell repopulation model allowing for 
inter-compartmental migration following radiation exposure, applied 
to leukaemia. J Theor Biol. 2007;245(1):83–97.

 59. Schneider U, Kaser-Hotz B. Radiation risk estimates after 
 radiotherapy: application of the organ equivalent dose concept 
to plateau dose-response relationships. Radiat Environ Biophys. 
2005;44(3):235–239.

 60. Schneider U, Walsh L. Cancer risk estimates from the combined 
 Japanese A-bomb and Hodgkin cohorts for doses relevant to 
 radiotherapy. Radiat Environ Biophys. 2008;47(2):253–263.

 61. Bennett J, Little MP, Richardson S. Flexible dose-response models for 
Japanese atomic bomb survivor data: Bayesian estimation and prediction 
of cancer risk. Radiat Environ Biophys. 2004;43(4):233–245.

 62. Dasu A. The use of risk estimation models for the induction of secondary 
cancers following radiotherapy. Acta Oncol. 2005;44(4):339–347.

 63. Gray LH. Radiobiology and cancer. Nature. 1957;179(4568):991–994.
 64. Wheldon EG, Lindsay KA, Wheldon TE. The dose-response rela-

tionship for cancer incidence in a two-stage radiation carcinogen-
esis model incorporating cellular repopulation. Int J Radiat Biol. 
2000;76(5):699–710.

 65. Lindsay KA. Radiation carcinogenesis modelling for risk of 
 treatment-related second tumours following radiotherapy. Br J Radiol. 
2001;74(882):529–536.

 66. Armitage P. Multistage models of carcinogenesis. Environ Health 
Perspect. 1985;63:195–201.

 67. Moolgavkar SH. Multistage models for carcinogenesis. J Natl Cancer 
Inst. 1980;65(2):215–216.

 68. Moolgavkar SH. The multistage theory of carcinogenesis and the age 
distribution of cancer in man. J Natl Cancer Inst. 1978;61(1):49–52.

 69. Moolgavkar SH, Knudson AJ Jr. Mutation and cancer: a model for 
human carcinogenesis. J Natl Cancer Inst. 1981;66(6):1037–1052.

 70. Sachs RK. Modeling intercellular interactions during carcinogenesis. 
Radiat Res. 2005;164(3):324–331.

 71. Little MP, Li G. Stochastic modelling of colon cancer: is there a role 
for genomic instability? Carcinogenesis. 2007;28(2):479–487.

 72. Little MP, Wright EG. A stochastic carcinogenesis model incorpo-
rating genomic instability fitted to colon cancer data. Math Biosci. 
2003;183(2):111–134.

 73. Pierce DA, Mendelsohn ML. A model for radiation-related 
cancer suggested by atomic bomb survivor data. Radiat Res. 
1999;152(6):642–654.

 74. Pierce DA, Vaeth M. Age-time patterns of cancer to be anticipated from 
exposure to general mutagens. Biostatistics. 2003;4(2):231–248.

 75. Ritter G. The multistage model of cancer development: some 
 implications. Toxicol Ind Health. 2003;19(7–10):125–145.

 76. Yakovlev A, Polig E. A diversity of responses displayed by a stochastic 
model of radiation carcinogenesis allowing for cell death. Math Biosci. 
1996;132(1):1–33.

 77. Heidenreich WF, Hoogenveen R. Limits of applicability for the deter-
ministic approximation of the two-step clonal expansion model. Risk 
Anal. 2001;21(1):103–105.

 78. Knudson AG Jr. Mutation and cancer: statistical study of retinoblastoma. 
Proc Natl Acad Sci U S A. 1971;68(4):820–823.

 79. Heidenreich WF. Promoting action of radiation in the atomic bomb 
survivor carcinogenesis data? Radiat Res. 2007;168(6):750–756.

 80. Heidenreich WF. Two-step model for the risk of fatal and incidental lung 
tumors in rats exposed to radon. Radiat Res. 1999;151(2):209–217.

 81. Heidenreich WF. Multistage models and the incidence of cancer in the 
cohort of atomic bomb survivors. Radiat Res. 2002;158(5):607–614.

 82. Heidenreich WF, Paretzke HG. The two-stage clonal expansion model 
as an example of a biologically based model of radiation-induced cancer. 
Radiat Res. 2001;156(5 pt 2):678–681.

 83. Pompei F, Polkanov M, Wilson R. Age distribution of cancer in mice: the 
incidence turnover at old age. Toxicol Ind Health. 2001;17(1):7–16.

 84. Brunet A, Rando TA. Aging: from stem to stern. Nature. 2007; 
449(7160):288–291.

 85. Carlson ME, Conboy IM. Loss of stem cell regenerative capacity within 
aged niches. Aging Cell. 2007;6(3):371–382.

 86. Sharpless NE, DePinho RA. How stem cells age and why this makes 
us grow old. Nat Rev Mol Cell Biol. 2007;8(9):703–713.

 87. Pompei F, Wilson R. A quantitative model of cellular senescence 
influence on cancer and longevity. Toxicol Ind Health. 2002;18(8): 
365–376.

 88. Harding C. Cancer suppression at old age. Cancer Res. 2008;68(11): 
4465–4478.

http://www.dovepress.com/cancer-management-and-research-journal
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
www.dovepress.com
www.dovepress.com

	Publication Info 2: 
	Nimber of times reviewed: 


