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 Risk of Radiation-induced Breast 
Cancer from Mammographic 
Screening  1   

  Martin J.   Yaffe ,  PhD  
  James G.   Mainprize ,  PhD  

 Purpose: To assess a schema for estimating the risk of radiation-
induced breast cancer following exposure of the breast to 
ionizing radiation as would occur with mammography and 
to provide data that can be used to estimate the potential 
number of breast cancers, cancer deaths, and woman-
years of life lost attributable to radiation exposure deliv-
ered according to a variety of screening scenarios.

 Materials and 
Methods: 

An excess absolute risk model was used to predict the 
number of radiation-induced breast cancers attributable 
to the radiation dose received for a single typical digital 
mammography examination. The algorithm was then ex-
tended to consider the consequences of various scenarios 
for routine screening beginning and ending at different 
ages, with examinations taking place at 1- or 2-year inter-
vals. A life-table correction was applied to consider reduc-
tions of the cohort size over time owing to nonradiation-
related causes of death. Finally, the numbers of breast 
cancer deaths and woman-years of life lost that might be 
attributable to the radiation exposure were calculated. 
Cancer incidence and cancer deaths were estimated for 
individual attained ages following the onset of screening, 
and lifetime risks were also calculated.

 Results: For a cohort of 100 000 women each receiving a dose of 
3.7 mGy to both breasts and who were screened annually 
from age 40 to 55 years and biennially thereafter to age 
74 years, it is predicted that there will be 86 cancers in-
duced and 11 deaths due to radiation-induced breast cancer.

 Conclusion: For the mammographic screening regimens considered 
that begin at age 40 years, this risk is small compared 
with the expected mortality reduction achievable through 
screening. The risk of radiation-induced breast cancer 
should not be a deterrent from mammographic screening 
of women over the age of 40 years.

 q  RSNA, 2010
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was adopted in the Committee on the 
Biologic Effects of Ionizing Radiation VII 
report ( 3 ) for the calculation of breast 
cancer risk; however, because of dis-
crepancies in the equation as published 
in that report, we used the original equa-
tions from Preston et al. The equation 
for this model, as well as the other risk 
calculations discussed in this section, are 
described in Appendix E1 (online). 

 Following the recommendations of 
the Committee on the Biologic Effects 
of Ionizing Radiation VII, the absolute 
rather than relative risk estimate was 
used because this is considered to be 
more stable when applied to populations 
other than those from which the model 
was developed. 

 It has been suggested ( 3 ) that, for 
low doses or low dose rates, a “dose and 
dose-rate effectiveness factor” should be 
applied to reduce the risk. Typically, its 
value would be about 1.5, which would 
reduce the risk estimate to about 66% of 
its original value. Preston et al ( 2 ) did not 
observe this effect in cohorts of women 
who received dose rates similar to those 
used in mammography, and Heyes et al 
( 4 ) and the U.S. Environmental Protec-
tion Agency ( 5 ) have argued that a reduc-
tion factor does not apply in cases where 
fractionated high-dose-rate radiation is 
received, as in mammography. There-
fore, we did not apply a dose and dose-
rate effectiveness factor. The Committee 
on the Biologic Effects of Ionizing Radia-
tion VII used a reduction factor of 1.5. 
As a consequence, the cancer risk results 
we present here will be 1.5 times higher. 

 To model the screening process and 
calculate the number of radiation-induced 

the dose received, comorbid conditions, 
and the actual cause of death. 

 Nevertheless, enormous effort has 
been expended in analyzing available 
data from groups of patients who have 
received radiation exposure from the 
nuclear weapons used in Japan or through 
the use of radiation in medicine. Preston 
et al ( 2 ) evaluated eight cohorts who 
received exposure to the breast and 
used the most consistent data to develop a 
risk model for radiation-induced breast 
cancer. An adapted version of this ex-
cess absolute risk model was selected as 
the preferred model of the National Acad-
emy of Sciences Committee on the Bio-
logic Effects of Ionizing Radiation ( 3 ). 

 Our purpose was to present a sche-
ma for estimating the risk of radiation-
induced breast cancer following expo-
sure of the breast to ionizing radiation 
as would occur in mammography and 
to provide data that can be used to es-
timate the potential number of breast 
cancers, cancer deaths, and woman-
years of life lost that are attributable to 
radiation exposure delivered according 
to a variety of screening scenarios. 

 Materials and Methods 

 Number of Radiation-induced Breast 
Cancers 
 The excess absolute risk of developing 
a radiation-induced breast cancer at a 
given age after the breast is exposed to 
a single dose of ionizing radiation cor-
responding to a single mammographic 
examination at another given age can be 
estimated by using the preferred model de-
veloped by Preston et al ( 2 ). This model 

            The per capita dose of ionizing ra-
diation used for medical imaging 
procedures has increased sixfold 

between the 1980s and the present ( 1 ). 
This has come about in part through 
the introduction of powerful new imag-
ing techniques that have come to be an 
indispensable part of routine diagnostic 
or interventional procedures. While the 
absorbed dose received by the breast 
during mammography represents a rel-
atively small component of the lifetime 
accumulated dose from medical imag-
ing and other sources, both the popu-
lar press and, frequently, the general 
medical literature tend to focus on the 
potential radiation risk from mammog-
raphy, particularly as used for periodic 
screening. Although risk is mentioned 
frequently, this is usually done in non-
specifi c and qualitative terms. 

 There has been enormous effort 
expended on the study of radiation risk 
and, in particular, the correlation of 
radiation-induced cancer to dose and 
other factors, such as dose rate, age at 
exposure, and time since exposure. For 
obvious ethical reasons, randomized 
controlled trials cannot be conducted in 
humans to answer these questions, and 
human data come almost exclusively 
from retrospective observational stud-
ies. Data derived from human exposure 
studies are always complicated by factors 
associated with lack of availability or im-
precision of certain information, such as 

 Implications for Patient Care 

 The risk of radiation-induced  n

breast cancer associated with rou-
tine mammographic screening of 
women 40 years of age and older and 
the number of deaths expected due 
to such cancers are extremely low, 
especially when compared with the 
expected benefi ts from screening. 

 Radiation risk should not be a de- n

terrent from screening in these 
women. 

 Advances in Knowledge 

 In a cohort of 100 000 women,  n

mammographic screening that was 
conducted annually from ages 
40 to 55 years and biennially until 
age 74 years at a dose of 3.7 mGy 
per examination would ultimately 
induce 86 breast cancers. 

 For the screening regimen given  n

above, it is estimated that 11 deaths 
attributable to radiation-induced 
breast cancer would occur. 

 For the same regimen, 136 woman- n

years would be lost per 100 000 
women in the cohort due to 
radiation-induced cancer, but 10 670 
woman-years would be saved by 
earlier detection through screening. 
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 The number of woman-years of life 
lost owing to death from radiation-
induced breast cancer, YL, was estimated 
by multiplying the number of deaths 
in the cohort that would occur in each 
year by the average remaining years 
of life and summing over all ages at 
death, as shown in Appendix E1 (on-
line). The average loss of life expec-
tancy in years was YL/100 000, and the 
relative number of woman-years of life 
lost was (YL/WY) · 100%. 

 Background Breast Cancer Incidence and 
Mortality 
 It is useful to compare the estimated 
number of radiation-induced cancers and 
the deaths arising from these cancers 
(ie, a harm of screening) to the back-
ground number of expected breast can-
cers and the resulting deaths in the popu-
lation. The benefi t of screening would 
come from averting some of these deaths. 
 Table   1   gives the age-specifi c incidence 
and mortality of breast cancer in 100 000 
Canadian women ( 13 ). As an example, 
we can consider 100 000 women at age 
40 years. The number of cancers that 
will appear in the next 10 years is 
calculated by multiplying the incidence 
from  Table 1  at each age (obtained by 
inter polation) by the life-table correction 
from age 40 years to each attained age 
(to correct for deaths) and summing the 
numbers that arise each year in that de-
cade. The mortality due to these cancers 
is obtained in the same fashion used to 
calculate deaths from radiation-induced 
cancers described in Appendix E1 (on-
line), except that survival curves for an 
unscreened population are applied. 

 Benefi t and Risk 
 The extensive comparison of the ben-
efi ts and risks of screening is beyond the 
scope of our article; however, it is worth 
noting that Feig and Hendrick ( 14 ) esti-
mated that, for a cohort of 100 000 women 
screened annually with mammography 
beginning at age 40 years, the number 
of lives predicted to be saved as a result 
of screening was 292, while Berrington 
de González and Reeves (12) estimated 
this number to be 96. The difference 
likely comes from use of different sur-
vival statistics for breast cancer and 

time after diagnosis was obtained from 
the survival curve. Survival curves dif-
fer between women who are part of 
a screened population and those who 
are not ( 9–12 ). For women who receive 
regular screening, the survival curves 
were based on the data of Coldman 
et al ( 11 ). These curves extend to 8 years 
but were extrapolated based on the data 
of Tabar et al ( 9 ) in a Swedish popula-
tion, for which 20-year survival infor-
mation was available. Curves were fur-
ther extended to 50 years by using a 
linear model. For an unscreened popu-
lation, survival data from Coldman et al 
( 10 ) were used. These data refl ect women 
whose cancers were diagnosed fairly re-
cently (1988–2003), with curves available 
out to a maximum of 10 years. Again, 
these were extrapolated to 20 years 
based on the shape of the curves for the 
unscreened Swedish population of Tabar 
et al ( 9 ) and then linearly to 50 years. 

 Deaths were calculated for each pos-
sible age at which the cancer could sur-
face, beginning after the latency period, 
up to the age at death, and these values 
were summed to obtain the total number 
of deaths occurring at the age of interest. 
Again, a life-table correction was used to 
account for other causes of death. 

 Finally, the total number of deaths 
potentially caused by radiation-induced 
cancer was estimated by adding the 
deaths that occurred in all years after 
exposure. Details of these calculations 
are provided in Appendix E1 (online). 

 Woman-Years of Life Lost 
 It is possibly more useful to consider the 
number of woman-years of life potentially 
lost due to radiation-induced cancer, 
especially since the diagnosis of disease 
and the risk of death would occur many 
years after the exposure. This was com-
pared with the gain attributable to ear-
lier detec tion of breast cancer with mam-
mographic screening, as was done by 
Berrington de González and Reeves ( 12 ). 

 The number of woman-years of life 
potentially available, WY, was obtained 
by considering a cohort of 100 000 women 
at the initial screening age and then mul-
tiplying by the average number of expected 
years of life remaining at that age, which 
was obtained from a life table ( 7 ). 

cancers that would appear at a given age 
of interest, we considered a cohort of 
100 000 women and calculated the excess 
absolute risk for each age of exposure 
from the age at which screening began 
until it was terminated. The appearance 
of radiation-induced cancer is known to 
have a latency of at least 10 years follow-
ing exposure ( 6 ). Therefore, an excess 
absolute risk of zero is assigned until the 
latency period has been exceeded. The 
model also includes a life-table  correc tion 
to account for deaths of some women 
from causes other than radiation-induced 
breast cancer between the age at which 
screening began and the age of interest. 
We used the life tables for Canadian 
women in 2002 ( 7 ). 

 The lifetime risk of radiation-induced 
breast cancer expressed as the number 
of such cancers that would appear in 
this cohort was then obtained by sum-
ming the number of radiation-induced 
cancers that would appear each year be-
tween the age at which the fi rst breast 
cancer could conceivably appear (the age 
when screening began plus the latency) 
and the maximum age of interest, which 
we chose to be 109 years. 

 The adoption of digital mammogra-
phy has resulted in the possibility of a re-
duced dose compared with that required 
for screen-fi lm mammography. Hendrick 
et al ( 8 ) reviewed doses delivered in the 
Digital Mammography Imaging Screening 
Trial, or DMIST, and demonstrated that 
the average dose fell from 4.7 mGy for 
screen-fi lm mammography to 3.7 mGy 
for digital mammography for a standard 
examination with two views per breast. 
We have calculated risks for the doses 
typical with digital mammography. 

 Deaths due to Radiation-induced Breast 
Cancer 
 The number of deaths that might result 
at an age of interest from these radiation-
induced cancers was calculated by con-
sidering the number of such cancers 
that might appear at an earlier age and 
the probability that a woman would die 
at that age of interest due to the can-
cer, not having previously died of some 
other cause or having had successful 
treatment of the radiation-induced can-
cer. The probability of death at a given 
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the possibility of biennial screening af-
ter age 50 years. We have also modeled 
the cancer risk for annual screening up 
to age 55 years as a possible surrogate 
for menopause, followed by biennial 
screening to age 74 years. 

 Lifetime risks of cancer induction 
following a single screening examination 
with digital mammography are given in 
 Table 2  , while those for different screen-
ing regimens are provided in  Table 3  . In 
both tables, results are also given for a 
1-mGy dose so that they can be applied 
to a particular application by multiplying 
by the actual per-examination dose in 
milligrays and by scaling to the number 
of women actually screened. 

 Figure 1   for a dose of 3.7 mGy to both 
breasts. As an example, if 100 000 women 
received a dose to both breasts at age 
45 years, then 25 years later, when these 
women reached 70 years, the probabil-
ity of a radiation-induced cancer in this 
cohort would be about 0.19 cancers per 
100 000 woman-years, or the risk to an 
individual would be 1.9  3  10  2 6 . 

  Figure 2a   illustrates the predictions 
of the risk model for two routine annual 
screening strategies, with and without 
life-table correction. In  Figure 2b,  the 
incidence of radiation-induced cancers 
is modeled, with life-table correction, for 
additional scenarios where we consider 
annual screening in the 40s, as well as 

different assumed mortality reduction fac-
tors attributable to screening (ie, 36% by 
Feig and Hendrick and 20% by Berrington 
de González and Reeves). The results of 
other studies ( 11,15 ) suggest that the ac-
tual mortality reduction achievable with 
modern mammography is about 24%. By 
using the calculated number of deaths ex-
pected in the background population, the 
number of lives saved was calculated. 

 The benefi t of earlier detection can 
also be quantifi ed in terms of the number 
of woman-years of life saved with screen-
ing, and a benefi t-to-risk ratio can be 
calculated on that basis. The method for 
calculating the woman-years potentially 
saved is given in Appendix E1 (online). 

 Sensitivity Analysis 
 For any risk estimation from a population 
model, there are a number of sources 
of uncertainty. These uncertainties arise 
from the choice of model, the confi -
dence interval on fi tted parameters in 
the model, and the assumptions used 
in the model. All parameters were ob-
tained from Preston et al ( 2 ). The un-
certainty in risk prediction in the pooled 
excess absolute risk model by Preston 
et al is about 40%; therefore, uncertain-
ties on that order should be applied when 
considering our results. The correlation 
between uncertainties in each parameter 
is unknown. Thus, all parameters are as-
sumed to be uncorrelated. 

 To obtain an estimate of the varia-
tion in results, either the upper or lower 
95% confi dence bound was substituted 
for each parameter, and the combination 
of parameters was selected to yield the 
minimum and maximum risk values to 
specify a bound on the risk calculation. 
The following three conditions were in-
vestigated: using a relative risk model 
instead of an absolute risk model, re-
ducing the latency to 0 years, and con-
sidering the survival rates to be those 
of an unscreened population. 

 Results 

 Number of Radiation-Induced Breast 
Cancers 
 The predictions provided by the model 
for a single exposure are illustrated in 

 Figure 1 

  

 Table 2 

 Lifetime Risk of Radiation-induced 
Breast Cancer for a Single Screening 
Mammogram 

No. of Cancers Induced

Age at Exposure (y) Total Per Milligray

35 11.19 3.02
40 8.04 2.17
45 5.60 1.51
50 3.81 1.03
55 2.52 0.68

Note.—Lifetime risk in a cohort of 100 000 women 
following a single mammographic examination with two 
views per breast, which delivers a 3.7-mGy radiation 
dose to both breasts.

 Table 1 

 Age-specifi c Incidence of Invasive 
Breast Cancer 

Age (y) Incidence No. of Deaths

0–19 0.13 0
20–29 3.78 0.22
30–39 37.04 4.36
40–49 138.04 16.10
50–59 254.06 39.15
60–69 334.33 62.68
70–79 346.44 102.99
 � 80 349.13 211.97

Source.—Reference 13.

Note.—Data are for 100 000 women in 1 year.

  Figure 1:  Graph 
shows radiation-induced 
breast cancers per year 
in 100 000 women at 
different attained ages 
(in years) following a 
single exposure of 
3.7 mGy to both breasts 
at the age indicated 
above each curve (in 
years). Infl ection seen 
for 35-year-old group is 
a direct result of the risk 
equation used that has 
an exponent change at 
the attained age of 
50 years ( 2 ).   
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a cohort of 100 000 women at the on-
set of screening are given in  Table 4  . In 
the regimen with annual screening from 
ages 40 to 55 years and biennial screen-
ing until 74 years, life expectancy was 
shortened by 0.0014 years or 12.7 hours! 
The percentage of life expectancy lost is 
also given. The life expectancy of a woman 
at age 40 years is an additional 43.63 
years, so for the cohort of 100 000, 
there are 4 363 000 woman-years of 

for the same screening scenarios set 
out for  Figure 2b . In  Table 3 , the pre-
dicted total number of deaths in the 
cohort due to radiation-induced breast 
cancer (for a dose typical of digital mam-
mography and for 1 mGy) is given for 
various screening strategies. 

 Woman-Years of Life Lost 
 Estimates of the number of woman-years 
lost owing to radiation-induced cancer for 

 Deaths due to Radiation-induced Breast 
Cancer 
 Data extracted from the survival curves 
for screened and unscreened populations 
are given in  Figure 3  . Linear extrapola-
tion resulted in a net changes in survival 
of  2 0.14% per year and  2 0.088% per 
year beyond year 20 for the unscreened 
and screened populations, respectively. 
 Figure 4   illustrates the results of the 
model for a cohort of 100 000 women 

 Figure 2 

  
  Figure 2:  Graphs show number of radiation-induced cancers per year in 100 000 women at different attained ages (in years) after undergoing screening with a 
dose of 3.7 mGy per examination.  (a)  Dashed curves = risks without correction for all-cause mortality,  50–59  = annual screening from ages 50 to 59 years,  40–49  = 
annual screening from ages 40 to 49 years, solid curves = effect of life-table correction.  (b)  Additional regimens, all with life-table corrections.  50–59 (2yr)  = biennial 
screening from ages 50 to 59 years,  40–59 (2yr  . 50)  = annual screening from ages 40 to 50 years and biennial screening to age 59 years,  40–74 (2yr  . 55)  = 
annual screening from ages 40 to 55 years and biennial screening to age 74 years,  40–59  = annual screening from ages 40 to 59 years.   

 Table 3 

 Lifetime Risk of Radiation-induced Breast Cancer and Predicted Total Number of Deaths in 100 000 Women 

Total * Per Milligray Per Examination

Screening Regimen No. of Examinations No. of Cancers Induced
No. of Deaths due to 
Induced Cancer No. of Cancers Induced

No. of Deaths due to 
Induced Cancer

Annually from 40 to 49 years 10 59.0 7.6 15.9 2.05
Annually from 50 to 59 years 10 26.6 3.1 7.2 0.82
Biennially from 50 to 59 years 5 13.9 1.6 3.8 0.43
Annually from 40 to 59 years 20 85.2 10.6 23.0 2.86
Annually from 40 to 49 years, 
biennially to 59 years

15 72.6 9.2 19.6 2.48

Annually from 40 to 55 years, 
 biennially to 74 years

25 86.4 10.6 23.3 2.87

* Radiation to both breasts was 3.7 mGy for each examination.
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 Background Breast Cancer Incidence 
and Mortality 
 The numbers of cancers expected to arise 
in the absence of radiation (ie, the back-
ground incidence) during the periods 
considered for the different  screening 

life expectancy ( 6 ). For women at age 50 
years, the life expectancy is an additional 
34.172 years, with 3 417 200 woman-years 
in the cohort. Data are also provided for 
a dose of 1 mGy to facilitate scaling to 
other doses received per examination. 

 Figure 3 

  

  Figure 3:  Survival curves from Coldman et al 
( 10,11 )  (Coldman)  in British Columbia and Tabar 
et al ( 9 )  (Tabar)  in Sweden. Curves from Coldman 
et al were extrapolated by matching the curvature 
of the curves from Tabar et al and then extrapolated 
linearly from 20 to 50 years.   

 Figure 4 

  

  Figure 4:  Graph of deaths per year that are potentially 
attributable to radiation-induced cancer at various attained 
ages (in years) following various screening regimens (3.7 mGy 
breast dose per examination).  50–59  = annual screening from 
ages 50 to 59 years,  50–59 (2yr)  = biennial screening from 
ages 50 to 59 years,  40–49  = annual screening from ages 
40 to 49 years,  40–59  = annual screening from ages 40 to 
59 years,  40–59 (2yr  . 50)  = annual screening from ages 
40 to 50 years and biennial screening to age 59 years, 
 40–74 (2yr  . 55)  = annual screening from ages 40 to 55 years 
and biennial screening to age 74 years.   

regimens for a cohort of 100 000 women 
at the beginning of the screening period 
are shown in  Table 5  . For example, the 
total number of cancers arising in women 
between the ages of 40 and 49 years 
would be 1316. Assuming the survival 



104 radiology.rsna.org n Radiology: Volume 258: Number 1—January 2011

 BREAST IMAGING:  Radiation-induced Breast Cancer from Mammographic Screening Yaffe and Mainprize

the 95% confi dence values of the param-
eters in the models by Preston et al ( 2 ) 
in such a way as to maximize the range. 

 The use of a relative risk model 
resulted in a 2.3-fold increase in the 
predicted number of radiation-induced 
breast cancers and a 2.6-fold increase in 
the number of deaths due to these can-
cers. Assuming no latency only induced 
a small increase in the predicted risk, 
while the assumption of a subsequently 
unscreened population would result in 
a 1.66-fold increase in the number of 
deaths due to radiation-induced breast 
cancer. Recall that the ranges indicated 
in parentheses are extremely conser-
vative because, lacking knowledge of 
possible correlations among model pa-
rameters, we have combined the 95% 
confi dence intervals of each parameter 
to yield the maximum and minimum 
values in the range. For this reason, 
the estimated uncertainties shown in 
 Table 5  are considerably larger than 
those suggested by Preston et al ( 2 ). 

 Discussion 

 In the analysis by Berrington de González 
and Reeves ( 12 ), a much higher radiation-
induced mortality rate was calculated 
(50 deaths per 100 000 women beginning 
at 40 years vs 7.6 deaths in our  analysis). 
This is attributable to three factors. First, 
in their work, the dose per examination 
was higher,  refl ecting that of screen-fi lm 
mammography as used in the United 
Kingdom (4.5 mGy) ( 16 ). Second, they 
used an excess relative risk model from 
Preston et al (2). Third, in their analy-
sis, survival for breast cancer was lower 
than that now being observed in North 
American women. They used a 10-year 
mortality rate of 35% for women aged 
45–59 years compared with the 15% 
mortality extrapolated from the screened 
survival reported by Coldman et al (10). 
This difference in survival may be related 
to differences in the size and stage of can-
cers detected: In the United Kingdom, a 
screening interval of 3 years is often used, 
while in North America, women are typi-
cally screened annually in their 40s and 
either annually or biennially thereafter. 

 These three factors account for much 
of the 6.5-fold higher estimated mortality 

estimated by Berrington de González 
and Reeves (12). Even if the mortality 
reduction were as low as 15%, the ben-
efi t-to-risk ratio would be about 7.2:1. 

 When woman-years of life are con-
sidered, the benefi ts of earlier  detection 
are more pronounced. For annual screen-
ing in the age range of 40–49 years, the 
benefi t-to-risk ratio (from  Table 4 ) is 
26.9:1 (2830 divided by 105.4). 

 Sensitivity Analysis 
 To illustrate the dependence of the 
predicted cancer induction and cancer 
deaths on the choice of the risk model 
and its parameters,  Table 6   shows the 
variation that would occur  (a)  if a rela-
tive (rather than absolute) risk model 
were used with the Canadian breast 
cancer incidence ( 13 ),  (b)  if the latency 
were assumed to be zero, and  (c)  if 
the survival following cancer incidence 
were that of a subsequently unscreened 
population. In  Table 6 , the values in pa-
rentheses were obtained by combining 

curve for an unscreened population, the 
predicted total number of deaths due 
to these cancers up to age 109 and the 
corresponding number of woman-years 
of life lost are presented in  Table 5 . 

 Benefi t and Risk 
 Screening would allow many of these 
cancers to be treated successfully, avoid-
ing death due to breast cancer. The fi nal 
two columns in  Table 5  show the ben-
efi ts of screening as the estimate of the 
number of lives saved and the woman-
years of life saved, assuming a 24% re-
duction in mortality. 

 From  Table 5 , it is seen that if the 
reduction in mortality owing to screen-
ing were 24%, 87 lives would be saved by 
screening in the 40–49-year age range, 
and 7.6 lives would be lost ( Table 3 ) due 
to radiation-induced breast cancer, result-
ing in a benefi t-to-risk ratio in lives of 
11.4:1 (87 divided by 7.6) for our risk 
model. This can be compared with the 
1.92:1 (0.96 divided by 0.5) ratio 

 Table 4 

 Estimated Woman-Years of Life Lost due to Death from Radiation-induced Breast 
Cancer in 100 000 Women 

Woman-Years Lost

Screening Regimen Total * Per Milligray Per Examination

Annually from 40 to 49 years 105.4 (0.0024) 28.5 (0.00065)
Annually from 50 to 59 years 32.3 (0.00094) 8.7 (0.00026)
Biennially from 50 to 59 years 17.2 (0.0005) 4.6 (0.00014)
Annually from 40 to 59 years 137.2 (0.0031) 37.1 (0.00085)
Annually from 40 to 49 years, biennially to 59 years 122.4 (0.0028) 33.1 (0.00076)
Annually from 40 to 55 years, biennially to 74 years 136.4 (0.0031) 36.9 (0.00084)

Note.—Data in parentheses are percentages of life expectancy.

* Calculated for a dose of 3.7 mGy to both breasts per examination.

 Table 5 

 Losses due to Background Breast Cancers and Benefi ts of Screening Mammography 
in Age Ranges of Different Screening Regimens 

Background Breast Cancer With Screening Mammography * 

Screening Age Range (y) Incidence No. of Deaths Woman-Years Lost No. of Lives Saved Woman-Years Saved

40–49 1316 363 11 789 87 2830
50–59 2440 645 15 901 155 3820
40–59 3721 1000 27 463 240 6590
40–74 8175 2070 44 470 497 10 670

* Assuming 24% mortality reduction attributable to screening regardless of screening regimen.
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due to radiation-induced breast cancer 
seen in the predictions by Berrington de 
González and Reeves (12). The increase 
is 1.2-fold for higher dose, 2.3-fold for 
use of the relative risk model, and 2.3-
fold owing to a lower survival, for a 
combined 6.3-fold increase. Slight dif-
ferences are also incurred owing to the 
difference in the maximum age used in 
calculations (85 years vs 109 years), dif-
ferent populations (British vs Canadian), 
and the use of age-specifi c survival for 
British women. Use of the relative risk 
model in our calculations would still 
have yielded mortality estimate that was 
lower by a factor of 2.6. This would re-
sult in a benefi t-to-risk ratio of 4.5:1 for 
lives saved and 9.5:1 for woman-years 
saved. 

 We also note that our calculations 
are based on a dose reduction from 4.5 
mGy to 3.7 mGy per examination due to 
a shift from screen-fi lm to digital mam-
mography. There is some variability in 
the dose effi ciency of the technologies 
used for digital mammography. Actual 
doses will also depend on how the equip-
ment is operated. Representative doses 
are normally measured as part of a qual-
ity assurance program, and data in our 
tables allow the calculation of risk to be 
adjusted to the applicable dose. 

 The predicted risk of radiation-
induced breast cancer from mammo-
graphic screening is low in terms of the 
number of cancers induced, the num-
ber of potential deaths, and the number 
of woman-years of life lost. For women 
40 years of age and older, the expected 
benefi t of reduction in premature mor-
tality afforded by routine mammographic 
screening in terms of either lives saved 

or woman-years of life saved greatly ex-
ceeds this risk. 

  Acknowledgments:  The authors thank Robert 
Smith, PhD, director of screening at the Ameri-
can Cancer Society, and Donald Plewes, PhD, for 
their helpful suggestions. 

  Disclosures of Potential Confl icts of Interest: 
M.J.Y.  Financial activities related to the  present 
article: none to disclose. Financial activities not 
related to the present article: is a consultant for 
Matakina Technology; institution received consult-
ing fee from Ontario Breast Screening Program; 
institution received a grant from GE Healthcare; 
received travel/accommodations expenses from 
GE Healthcare for participation at a forum de-
scribing a new breast imaging technique. Other 
relationships: none to disclose.  J.G.M.  Financial 
activities related to the present article: none 
to disclose. Financial activities not related to 
the present article: institution received a grant 
from GE Healthcare. Other relationships: none 
to disclose. 

 References 
    1 .  Mettler   FA   Jr ,  Bhargavan   M ,  Faulkner   K ,  et al . 

 Radiologic and nuclear medicine studies in 
the United States and worldwide: frequency, 
radiation dose, and comparison with other 
radiation sources—1950–2007 .  Radiology  
 2009 ; 253 ( 2 ): 520 – 531 .   

    2 .  Preston   DL ,  Mattsson   A ,  Holmberg   E ,  Shore   R , 
 Hildreth   NG ,  Boice   JD   Jr .  Radiation effects 
on breast cancer risk: a pooled analysis 
of eight cohorts .  Radiat Res   2002 ; 158 ( 2 ):
 220 – 235 .  [Published correction appears in 
Radiat Res 2002;158(5):666.]    

    3 .  National Academy of Sciences .  Health risks 
from exposures to low levels of ionizing ra-
diation: BEIR VII—phase 2 .  Washington, 
DC :  National Academies Press ,  2006 .  

    4 .  Heyes   GJ ,  Mill   AJ ,  Charles   MW .  Mammog-
raphy-oncogenecity at low doses .  J Radiol 
Prot   2009 ; 29 ( 2A ): A123 – A132 .   

    5 .  Environmental Protection Agency .  Estimat-
ing radiogenic cancer risks. EPA publication 
no. 402-R-93-076 .  Washington, DC :  Environ-
mental Protection Agency ,  1994 ;  28 .  

    6 .  Goss   PE ,  Sierra   S .  Current perspectives on 
radiation-induced breast cancer .  J Clin On-
col   1998 ; 16 ( 1 ): 338 – 347 .  

    7 . Life tables, Canada, provinces and  territories: 
2000 to 2002. Catalogue no. 84-537-XIE.  Sta-
tistics Canada Web site .  http://www.statcan
.gc.ca/pub/84-537-x/84-537-x2006001-eng.htm.  
Published July 2006. Accessed January 2, 2010.  

    8 .  Hendrick   RE ,  Pisano   ED ,  Averbukh   A ,  et al . 
 Comparison of acquisition parameters and 
breast dose in digital mammography and 
screen-fi lm mammography in the American 
College of Radiology Imaging Network digital 
mammographic imaging screening trial .  AJR 
Am J Roentgenol   2010 ; 194 ( 2 ): 362 – 369 .   

    9 .  Tabar   L ,  Yen   MF ,  Vitak   B ,  Chen   HH ,  Smith   RA , 
 Duffy   SW .  Mammography service screening 
and mortality in breast cancer patients: 20-year 
follow-up before and after introduction of 
screening .  Lancet   2003 ; 361 ( 9367 ): 1405 – 1410 .   

    10 .  Coldman   AJ ,  Phillips   N ,  Olivotto   IA ,  Gordon  
 P ,  Warren   L ,  Kan   L .  Impact of changing 
from annual to biennial mammographic 
screening on breast cancer outcomes in 
women aged 50-79 in British Columbia .  J Med 
Screen   2008 ; 15 ( 4 ): 182 – 187 .   

    11 .  Coldman   A ,  Phillips   N ,  Warren   L ,  Kan   L . 
 Breast cancer mortality after screening mam-
mography in British Columbia women .  Int J 
Cancer   2007 ; 120 ( 5 ): 1076 – 1080 .  

    12 .  Berrington de González   A ,  Reeves   G .  Mam-
mographic screening before age 50 years in 
the UK: comparison of the radiation risks 
with the mortality benefi ts .  Br J Cancer  
 2005 ; 93 ( 5 ): 590 – 596 .   

    13 .  Canadian Cancer Society’s Steering Commit-
tee .  Canadian cancer statistics 2009 .  Toronto, 
Ont :  Canadian Cancer Society ,  2009 .  

    14 .  Feig   SA ,  Hendrick   RE .  Radiation risk from 
screening mammography of women aged 
40-49 years .  J Natl Cancer Inst Monogr   1997 ; 
22 ( 22 ): 119 – 124 .  

    15 .  Moss   SM ,  Cuckle   H ,  Evans   A ,  et al .  Effect 
of mammographic screening from age 40 
years on breast cancer mortality at 10 years’ 
follow-up: a randomised controlled trial . 
 Lancet   2006 ; 368 ( 9552 ): 2053 – 2060 .   

    16 .  Young   KC ,  Burch   A ,  Oduko   JM .  Radiation 
doses received in the UK Breast Screening 
Programme in 2001 and 2002 .  Br J Radiol  
 2005 ; 78 ( 927 ): 207 – 218 .              

 Table 6 

 Comparison of Results for Different Models in a Cohort with Annual Screening from Age 40 to 49 Years 

Radiation-induced Breast Cancer Woman-Years of Life

Variable Incidence No. of Deaths Benefi t-to-Risk Ratio No. Lost Benefi t-to-Risk Ratio

Absolute risk 59.0 (17.5–193) 7.6 (2.4–23.2) 11.4 (3.8–36.4) 105.4 (36.2–294) 26.9 (9.6–78.1)
Relative risk * 136.6 (58.4–293) 19.3 (8.5–40.3) 4.5 (2.2–10.3) 299 (136–596) 9.5 (4.7–20.8)
No latency 71.1 (22.7–218) 9.8 (3.3–27.8) 8.9 (3.1–26.2) 165 (61.7–419) 17.2 (6.7–45.9)
Cancer survival in unscreened population 59.0 (17.5–193) 12.6 (3.9–39.1) 6.9 (2.2–22.4) 183 (62.1–517) 15.5 (5.5–45.5)

Note.—Data in parentheses are the ranges expected by using the 95% confi dence intervals on parameters for the risk models. Radiation dose was assumed to be 3.7 mGy per examination.

 *  Reference 2.


