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Introduction 

After successful treatment of malignant diseases in childhood, the problem of 
long-term complications came to the fore. Five-year survival after treatment 
of a childhood cancer is now reaching 80% which means a growing number of 
adult patients, estimated at 20 000 in France, were treated for a cancer 
during their childhood1. The diagnosis of a second malignant neoplasm (SMN) 
in these patients is a dramatic event. It is therefore crucial to assess this risk. 
A general evaluation of the long-term carcinogenic risks induced by 
radiotherapy, chemotherapy and combined modality therapies, has already 
been published2-6. However, few studies have considered the relationship 
between the radiation dose received and the risk of developing a SMN7. Most 
of them estimated risk coefficients according to the radiation dose received at 
the site of the second cancer. In these studies, the estimated relative risk (RR) 
is the ratio between the risk of developing a cancer at a given site that 
received a given dose and the risk of developing a cancer at the same site in 
the absence of this dose of radiation. If an anatomical structure is small, the 
estimated dose received by this structure can be linked to the risk of a future 
SMN at the same site. However, when irradiated volumes are larger, radiation 
dose distribution is far more heterogeneous and SMN risk estimation is 
impossible. This approach does not therefore correspond to the needs in 
clinical practice, where overall risk evaluation is required. Another interesting 
approach was proposed by Karlsson et al.8 in a Swedish population-based 
study focused on the risk of developing sarcoma after treatment of breast 
cancer. In this study another dose distribution parameter, defined as the 
Integral Dose, was used. This parameter takes into account both the 
irradiated volume and the dose delivered, and provides an estimate of the 
total energy delivered to the patient’s body during radiotherapy. The 
superiority of this new parameter for risk estimates is that it takes into 
account the deposition of a given dose in a given volume of the body, 
whatever the irradiated site.  
In order to study the influence of radiotherapy on the overall risk of a SMN 
after a childhood cancer, we therefore focused on the integral dose. 
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Materials and methods 
 
Patients 

The study was performed in a cohort of 4,401 patients who were 3-year 
survivors of all types of childhood cancer, treated before 16 years of age, 
between 1947 and 1986, in eight treatment centres in France and Great 
Britain, excepted retinoblastoma in British centres and leukaemia in both 
countries. The cohort has already been described in previous publications 
where risks were assessed for different types of first and second cancers9-16.  
Clinical and pathological characteristics of the first and second malignancies, 
detailed information on chemotherapy administered as first-line or salvage 
treatment for the first cancer, and follow-up data were recorded from 
hospital clinical files. The cut-off date for the analysis was January 1st, 1991 
for patients treated in the UK centres and January 1st, 1992 for those treated 
in French centres. 
 
Radiation dosimetry 

The individual dose was calculated using Dos_EG, a software package that was 
developed at the IGR, in collaboration with Inserm Unit 605, for retrospective 
studies. It has been described in detail elsewhere17;18.  
Based on auxological methods, this software creates a mathematical phantom 
according to age, sex and size at the time of radiotherapy for individual 
patient dosimetry. It can then adapt the phantom generated to a given patient 
using appropriate anatomical data (height, anterior-posterior thickness and 
left-right width). If these data are not available, standard anatomical 
dimensions of the French population corresponding to the same age and sex 
are used. All beam delivery techniques can be reproduced, therefore Dos-Eg 
can estimate the absorbed dose at different anatomical sites using an 
absolute Cartesian system. The corresponding treatment conditions, the 
generator and energy are taken into account as well as the use of shielding 
blocks, wedge modifications, field shapes and sizes. 
 
The concept of integral dose, as defined by Mayneord19, is a physical 
parameter which integrates all the biological effects produced in a defined 
volume of irradiated tissue in order to measure the amount of “physical 
aggression” induced by irradiation. Then it represents a total absorbed 
energy, expressed in joules (J), which depends on the dose delivered, the 
irradiated volume and type of radiation.  
 
The expression used to estimate the integral dose E is as follows: 
 

For a photon beam  For an electron beam  

∫=
h

dxDSE
0

... ρ   E = A . R50 . D0 

h : crossed tissue 
thickness  
S: beam surface  
D: absorbed dose 
dx: defined depth 

 R50 : depth where D= 50% prescribed 
dose 
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ρ : volumic weight water 
 
The total integral dose in a body irradiated by several beams is the sum of the 
integral dose of each beam. 
 
As weight is correlated with a child’s growth, the same field will irradiate 
more organs for example in a one year-old baby than in a 15 year-old 
adolescent. In order to take this into account, we also calculated the integral 
dose per kg by dividing each integral dose by the patient’s weight. This 
average absorbed energy through the whole body volume, Dkg, is defined by the 
expression, E/w, in Gray (Gy). 
 
Quantification of chemotherapy 

The dose of each cytotoxic drug together with the patient’s weight and height 
were recorded for each treatment cycle up to the endpoint of the study. The 
total dose of each cytotoxic drug per unit body surface area was then 
computed. Because of the diversity of drugs used, we pooled drugs belonging 
to the same pharmacological group converting the dose of each drug into the 
dose of a reference drug, based on either dose equivalence in terms of 
haematological toxicity or substitution rules commonly used in clinical 
practice, a method we called “equi-tox”. Dose equivalence could not be 
quantified for some pharmacological groups, which is why we also used the 
sum of millimoles per square meter (m2). Eight groups of drugs were 
considered: organoplatinums, alkylating agents, anthracyclines, 
epipodophyllotoxins, inhibitors of nucleotide synthesis, spindle inhibitors, 
intercalating agents (mainly actinomycin D). 
 
 
Statistical analysis 

A within-cohort analysis was performed using the actuarial method to 
estimate overall survival and the cumulative incidence of SMN. 
In order to assess the risk of a SMN associated with radiotherapy, we 
performed two separate analyses evaluating the integral dose and the integral 
dose per kg. In these analyses, a Cox regression model was performed to 
estimate the relative risk (RR) of developing a SMN associated with 
radiotherapy and chemotherapy using the PH-REG procedure of the SAS 
software system (SAS Institute, Cary, NC). The dose-effect relationship 
between the dose of chemotherapy or the dose of radiation and the risk of a 
SMN was studied by calculating the RR of a SMN according to dose categories 
taking patients who had not been exposed as the reference category. 
Interaction between chemotherapy or each pharmacological group, and 
radiotherapy or the integral dose, or the integral dose per kg was 
investigated. 
In order to evaluate the dose-effect relationship between the integral dose or 
the integral dose per kg and the risk of a SMN, we performed an external 
comparison by Poisson regression. The expected number of cancers was 
obtained for each sex, by 5-year age groups and 5-year calendar periods, by 
multiplying the reference incidence rates by the number of person-years at 
risk. Estimations published by the French Cancer Registries were used as 
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reference rates for cancer incidence for patients treated in French centres20. 
The United Kingdom national cancer incidence rates were used for patients 
treated in Great Britain21. The observed number of cancers was assumed to 
follow Poisson distribution and standardised incidence ratios were calculated 
as the ratio of observed to expected numbers. Generalised risk models were 
then used to evaluate the shape of the dose-response relationship : linear and 
linear-quadratic increases in the risk of a SMN with the integral dose or the 
integral dose per kg were tested and a negative exponential term was used to 
take into account the likelihood of a cell killing effect at very high doses.  
To illustrate this, we compared the following models : 

- linear model  : RR= [cste+exp (βiXi)] × (1+ α dose ) 
- linear exponential model: RR= [cste+exp (βiXi)] × [1+ (α dose) (exp (-γ 

dose))]  
where the α parameter is an estimate of the excess relative risk (ERR) 
attributed to each incremental dose unit. [cste+exp (βiXi)] represents the 
baseline risk and the risk associated with the Xi factors and (exp (-γ dose)) 
models cell sterilisation at high doses. 
Tests were based on a comparison of the deviance of the models. The AMFIT 
epidemiological software was used for these analyses22.  

Results 

The main patient characteristics are described in table 1: 124 patients 
developed a SMN, 25 years after their first cancer, which represents a 
cumulative incidence of 5% at 25 years (95%CI : 4.4-5.6). Patients initially 
treated for bilateral retinoblastoma, Ewing’s sarcoma or non-Hodgkin’s 
lymphoma were those with the highest cumulative incidence of SMN, equal to 
or greater than 10% after 25 years of follow-up. These data are detailed in 
previous publications2;14. 
 

TTaabbllee  11--  CChhaarraacctteerriissttiiccss  ooff  tthhee  ccoohhoorrtt    ooff  44440011  ppaattiieennttss  ttrreeaatteedd  ffoorr  aa  cchhiillddhhoooodd  

ccaanncceerr  

General information  
    Number of patients recruited in France / Great Britain 3189 / 1212 
    Mean year of treatment (min-max) 1974 (1942-1985)
    Number of  men / women 2432 / 1969 
    Mean age at diagnosis of first cancer in years (min-max) 6.1 (0 - 16) 
First cancer treatment: number of patients (%)  
    Radiotherapy alone 1045 (23.7) 
    Chemotherapy alone  885 (20.1) 
    Radiotherapy + Chemotherapy 2065 (46.9) 
Follow-up  
    Mean duration in years (min-max) 15 (3-48) 
    Number of patients lost to follow-up in 1992 (%) 532 (12) 
    10-year overall survival : % (95% CI) 90.8 (90.4-91.3)
    20-year overall survival : % (95% CI) 85.4 (84.8-86.1)
    Number of relapses (%)  589 (13.4) 
Second cancer *  
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    number of patients  124 
    Time between first cancer and second cancer in years (min- 11 (3-37) 
    25-year cumulative incidence : % (95% CI) 5 (4.4-5.6) 
 

Among the 4401 patients, 3110 had received radiotherapy alone or combined 
with chemotherapy (Table 2). Integral dose estimation was not possible for 
184 patients, either because of missing data on radiation treatment (N=88) or 
because brachytherapy was used (N=96). Nine children who had been treated 
with total body irradiation were excluded because this type of treatment 
represents another risk model which is much closer to accidental irradiation.  
 

TTaabbllee  22--  DDeettaaiillss  oonn  rraaddiiaattiioonn  ttrreeaattmmeenntt  

Radiotherapy, number of patients (%) 3110 (70.7 ) 

Unestimated integral dose,  number of patients (%)   184 (4.2) 

Prescribed dose in Gy, mean (min-max)      53 (8 - 288) 

Total course duration, median in days     35 

Number of fractions, median     22 

Brachytherapy : number of patients (%)     96 (2.2) 

  

The median integral dose was 64 J : 90% of patients had received an integral 
dose that was lower than 264 J, and the maximum was 1560 J. For the integral 
dose per kg, the median dose was 3.4 Gy : 90% of patients had received a dose 
below 10.7 Gy and the maximum was 34.5 Gy (Figure 1). 
 

Figure 1- Distribution of the integral dose (left panel) and the integral dose per kg (right panel) 
: number of patients per dose unit  
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In decreasing order, patients who had had bone sarcoma, Hodgkin’s disease 
and Ewing’s sarcoma had received the highest integral doses due to wide 
irradiated volumes. The highest integral doses per kg, in decreasing order, 
were delivered to patients who had been treated for bone sarcoma, Hodgkin’s 
disease and Hodgkin’s lymphoma (Table 3). The integral dose ratio between 
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bone sarcoma and neuroblastoma was 12.6 but only 2.6 if the integral dose 
per kg was considered. A difference in age at diagnosis and therefore a 
difference in weight explains this decreasing ratio. 
The risk of a SMN following radiotherapy is described in table 4 and in figure 
2. In the univariate analysis, the risk of a SMN increased significantly as the 
integral dose increased: the risk of a SMN for patients in the highest dose 
category, which represents 20% of the irradiated population, was 5.45 
(95%CI: 2.91-10.20; p=0.001) compared to that of unirradiated patients. With 
an exponential model, a significant dose-effect relationship was evidenced 
(test of trend: p<0.0001): the estimated RR for one joule of the integral dose 
was 1.002 (95%CI: 1.001-1.003). Very similar results were observed for the 
integral dose per kg: likewise, a significant dose-effect relationship was found 
between the risk of a SMN and the integral dose per kg (test of trend: 
p<0.001). The estimated RR was 1.03 (95%CI:1.01-1.04) at 1 Gy of the integral 
dose per kg. 
Concerning exposure to chemotherapy in the univariate analysis, a higher risk 
of a SMN was associated with the administration of alkylating agents (RR 
=2.04;95%CI [1.40-2.96]), intercalating agents (RR =1.69;95%CI [1.17-2.45]), and 
spindle inhibitors (RR =1.71; 95%CI [1.16-2.52]). No best fit for the data was 
obtained when drug doses were quantified into 4 categories rather than 
codified in binary variables, in terms of likelihood, (data not shown). 
Interaction between radiotherapy, i.e. integral dose (or integral dose per kg) 
codified in 4 categories and chemotherapy was not significant. Similarly, no 
interaction was found between the type of first cancer and radiotherapy or 
each integral dose category (or the integral dose per kg). 
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Table 3- Integral dose and integral dose per kg by type of first cancer 

First cancer Integral dose 
median (min-max) 

Integral dose per kg 
median (min-max) 

Ewing's sarcoma     144 (0.1-897)   4.16 (0.008-29.5) 
Bone sarcoma  226 (9-534) 5.51 (0.22-16.7) 

Soft tissue sarcoma   32 (2-847) 1.86 (0.04-23.4) 

Neuroblastoma      18 (0.6-788) 2.12 (0.06-25.5) 

Wilm’s tumor      59 (0.9-781) 3.99 (0.08-30.4) 

Central Nervous System   70 (5-823) 3.47 (0.25-34.2) 

Retinoblastoma          6 (0.37-700)                0.60 (0.05-34.3) 

Hodgkin's disease        166 (0.08-1560)   5.17 (0.003-30.9) 

Non-Hodgkin’s Lymphoma        96 (0.5-1492) 4.24 (0.01-34.5) 
Others     72 (0.2-703)   3.12 (0.006-31.4) 

Total         64 (0.08-1560)   3.36 (0.003-34.5) 
 

 

TTaabbllee  44--  RRiisskk  ooff  aa  SSMMNN  ffoolllloowwiinngg  rraaddiiootthheerraappyy  iinn  aa  ccoohhoorrtt  ooff  44339922  ppaattiieennttss  ttrreeaatteedd  
ffoorr  aa  cchhiillddhhoooodd  ccaanncceerr  

Univariate analysis Multivariate analysis Radiotherapy 
exposure 

Number 
of 

patients RR (9955%%CCII))** p$ RR((95%CI)** p$    

yes (versus no‡) 3101  3.03  (1.7-5.39)    <0.001 2.63 (1.47-4.70) 0.001 

Integral dose      
    0 1543        1‡        1‡ 

    ]0-46] 1139 2.11  (1.16-3.83)  2.42 (1.30 -
4.49) 

    ]46-179] 1141 2.62  (1.44-4.80) 2.64 (1.39-5.01) 

    ]179-1560]   569 5.45  (2.91-
10.20) 

<0.0001

  5.43 (2.75-
10.71) 

<0.0001 

    Continuous 
variable  

 1.002 (1.001-
1.003) <0.0001 1.002 (1.001-

1.003)    <0.001 

Integral dose per kg       
    0 1543      1‡        1‡ 

    ]0-4.3] 1710 2.20   (1.24-
3.89) 

2.42 (1.34-4.39) 

    ]4.3-7.5]   569 2.84 (1.44-5.61) 2.78 (1.37-5.63) 

    ]7.5-34.5]   570 5.20   (2.79-
9.71) 

<0.0001

4.85 (2.52-9.31) 

<0.0001 

    continuous 
variable  

 1.03 (1.01-1.04)    <0.001 1.03 (1.01-1.05)    <0.001 

* with adjustment on the group with missing radiation data, ** with adjustment on the group with 
missing radiation data, sex, age at diagnosis, number of moles of antineoplasic agents, and 
stratified on the treatment country  

$ p for heterogeneity for ordered qualitative variables, p for trend for quantitative variables  
‡ reference  category 
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In the multivariate analysis, we decided not to take into account the type of 
first cancer even though it was a significant parameter in the univariate 
analysis because our objective was to determine the overall risk of a SMN, 
whatever the primary cancer type.  
The results were quite similar after adjustment on chemotherapy (i.e. 
alkylating and intercalating agents), brachytherapy, age at diagnosis and sex: 
the risk of a SMN increased significantly with the integral dose (test of trend: 
p <0.001): estimated RR for one joule of integral dose= 1.002 (95%IC : 1.001-
1.003) and the risk of a SMN in patients in the highest dose category was 5.43-
fold higher (95%CI : 2.75-10.71; p=0.01) than for unirradiated patients. In the 
same model, the risk of a SMN increased significantly with the administration 
of intercalating agents (RR=1.81; 95%CI: 1.24-2.66; p=0.002) or alkylating 
agents (RR=1.79; 95%CI: 1.22-2.63; p=0.003). Brachytherapy was also 
significantly associated with the risk of a SMN (RR=3.10; 95%CI: 1.29-7.44; 
p=0.01). 
In the same manner, very similar results were observed when the integral dose 
per kg was taken into account rather than the integral dose. After adjustment 
on the same parameters, the risk of a SMN increased significantly with the 
integral dose per kg (test of trend: : p <0.001): estimated RR for one joule of 
integral dose per kg= 1.03 (95%CI : 1.01-1.05) and the risk of a SMN for 
patients in the highest dose category was 4.85-fold higher (95%IC : 2.52-9.31; 
p=0.01) than for unirradiated patients. 
 

Figure 2- Risk of SMN (and 95%CI) associated with the integral dose (left panel) and 
with the integral dose per kg (right panel)  

  
 

 

Different dose-response relationships were considered. When the same above-
mentioned adjustment parameters were retained, the best fit was obtained 
for a linear dose-response relationship, between the integral dose and the risk 
of a SMN : the ERR was 0.008 for each incremental unit. This ERR increased to 
0.017 (95%CI : -0.006;0.057) if a negative exponential term was added but no 
significant improvement was observed in terms of likelihood (p=0,26). 
Likewise, the best fit for the data with the integral dose per kg was a linear 
relationship : the ERR of a SMN was 0.23 and was not significantly increased 
at 0.48 (95%CI :-0.04;0.99) in a linear exponential model. 
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Discussion 

This study on the incidence of SMN in a cohort of 4401 patients treated for a 
childhood solid cancer evidenced a significant dose-response relationship 
between the long-term overall risk of a SMN and the estimated integral dose, 
which represents the absorbed energy in the whole body. Likewise, a 
significant dose-response relationship was found between the overall risk of a 
SMN and the integral dose per kg, defined as the average dose delivered 
throughout the body. The ERR for each incremental unit of the integral dose 
was only 0.008 in a linear model and 0.017 when a negative exponential term 
was considered, when adjusted for chemotherapy. For each incremental unit 
of the integral dose per kg, these ERR were respectively 0.23 and 0.48, when 
adjusted for chemotherapy.  
The main limit of the method we used to calculate the integral dose is not to 
have taken into account the integral dose delivered outside the beams, namely 
leakage radiation. However, we estimated the amount of this absorbed dose, 
far from the treated volume, at about 5% of the calculated integral dose. It 
was not possible to estimate the integral dose for the 96 patients treated with 
brachytherapy. In our study, these patients were however taken into account 
in the analysis as an adjustment subgroup with a zero dose so they probably 
did not influence our estimation of the dose-response relationship. We 
evidenced that these patients had a significantly higher risk of a SMN, as 
previously demonstrated in patients treated for angiomas with radium-based 
brachytherapy23;24. Finally, we considered that all radiation courses were 
delivered at the same time, at the date of the diagnosis. Only 15 patients, 
about 0.5% of the irradiated population, had received another radiotherapy 
course for a relapse. The time between two irradiation treatments was long 
for some of these patients (up to 10 years). Thus, our statistical method 
without a time-dependent parameter overestimating the post-radiation 
follow-up, has certainly underestimated the risk of a SMN but to a limited 
extent.  
The main originality of our cohort study was to assess the risk of a SMN after 
radiation exposure with a global approach using the integral dose in a 
heterogeneous population, with a wide range of exposure factors and/or 
susceptibilities. In addition, the design of our analysis, i.e. a cohort study, 
avoids the risk of overmatching inherent to case-control studies. Few previous 
studies have investigated the role of radiotherapy as a risk factor for any SMN 
after irradiation during childhood using a global approach. Garwicz et al.25 
demonstrated a 4.3-fold higher risk of a SMN in the treated volume (95%CI: 
3.0-6.2). In contrast, other studies26;27 found no relationship between 
radiotherapy and the risk of a SMN. Most of the other studies focused on some 
particular types of second cancer and estimated risk coefficients according to 
the radiation dose received at the site of the second cancer.  
In case-control studies nested in our cohort we previously evidenced a 
relationship between a local dose received at the site of the SMN and the risk 
of developing soft tissue sarcoma12, bone sarcoma13 melanoma11, and thyroid 
carcinoma16. A few other studies have investigated the relationship between a 
dose delivered locally and the risk of a SMN after treatment of a childhood 
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cancer28. Such studies can provide a relative risk coefficient for a given dose 
received at a given site, however, due to the heterogeneity of the dose 
delivered during radiotherapy, they are unable to investigate the long-term 
risk of a second cancer, for large organs such as bones, soft and conjunctive 
tissues and active bone marrow.  
Karlsson et al.8 used integral dose estimation to investigate the risk of a 
second soft tissue sarcoma after radiotherapy for breast cancer in a case-
control study. The authors divided the case analysis into two groups, 
angiosarcoma and other types of sarcoma. No relationship was observed 
between radiotherapy and the risk of developing angiosarcoma. Conversely, a 
linear-quadratic relationship was found between the integral dose and the risk 
of other types of sarcoma : the risk increased linearly up to 150-200 joules 
then remained stable at this level or decreased slightly at highest doses. The 
estimated OR was 2.4 for an integral dose of 50 J which approximately 
corresponds to irradiation of a single breast with tangential beams, and was 8 
for an integral dose of 150 J which represents the absorbed dose to the chest 
wall and regional lymph nodes. Unlike these authors, we did not evidence such 
a linear dose-response relationship. Indeed, in our cohort, among patients who 
had received radiotherapy, only those who had received the highest integral 
dose (more joules) had a higher risk. Among the other patients, including 80% 
of the variability of the integral dose, no increased risk was evidenced. Thus, 
the integral dose in our study cannot be considered as a good predictor of a 
later risk. One of the main reasons is probably due to the wide variability in 
our cohort which included patients treated for all types of solid cancers, 
affecting different organs and tissue types included in the radiotherapy fields, 
as compared to what occurred during radiotherapy for breast cancer, 
whatever its extension. Another reason could be inadequate adjustment on 
chemotherapy. Indeed, in our cohort, unlike that observed in breast cancer 
cohorts, multiple different drugs were administered to children, at highly 
variable doses, mostly in combinations whose type and number varied 
considerably. Adjustment for chemotherapy is then inevitably simplistic, and 
probably over simplistic.  
 
Modern radiotherapy techniques such as intensity modulated radiation 
therapy (IMRT) involve a greater number of treatment beams exposing a 
larger volume of normal tissue to lower doses. It is thus of paramount 
importance to take into account the irradiated volume when evaluating the 
long-term adverse effect of these radiotherapy techniques. Some studies, 
based on radiobiological models, have already demonstrated an increasing 
risk of radiation-induced second cancers attributed to these dose distribution 
changes3;29. Our global approach which consisted in defining the integral dose 
as the dose absorbed by the whole body, may therefore be appropriate for 
comparing the risk of a SMN associated with different radiotherapy techniques 
in patients treated for a childhood cancer, and for choosing the treatment 
which, at best, spares normal tissues. Other studies with the same study 
design are obviously needed  to evaluate the use of the integral dose as a tool 
for decision-making concerning different radiotherapy techniques. 
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