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Routine screening mammography: how important is the radiation-
risk side of the bene� t–risk equation?

D. J. BRENNER†*, S. G. SAWANT‡, M. P. HANDE†, R. C. MILLER§, C. D. ELLISTON†,
Z. FU¶, G. RANDERS-PEHRSON† and S. A. MARINO†

(Received 27 May 2002; accepted 9 July 2002)

Abstract. expected increase in biological eVectiveness of these
The potential radiation hazards associated with routine screening lower-energy X-rays is that they set in motion slower
mammography, in terms of breast cancer induction, are discussed secondary electrons, with correspondingly higher
in the context of the potential bene� ts. The very low energy LET (Brenner and Amols 1989, Kellerer 2002).X-rays used in screening mammography (26–30 kVp) are

In this regard, Frankenberg et al. (2002) reportedexpected to be more hazardous, per unit dose, than high-energy
data on in vitro oncogenic transformations frequenciesX- or c-rays, such as those to which A-bomb survivors (from

which radiation risk estimates are derived) were exposed. Based induced by 29-kVp X-rays relative to ‘conventional’
on in vitro studies using oncogenic transformation and chromo- 200-kVp X-rays suggesting that the low-energy X-rays
some aberration end-points, as well as theoretical estimates, it used in screening mammography are considerably
seems likely that low doses of low-energy X-rays produce an more biologically eVective. This conclusion echoesincreased risk per unit dose (compared with high energy photons)

some earlier calculations on this subject (Brenner andof about a factor of 2. Because of the low doses involved in
Amols 1989) and a variety of earlier experimentalscreening mammography, the bene� t–risk ratio for older women

would still be expected to be large, though for younger women data for chromosome aberration induction (see below).
the increase in the estimated radiation risk suggests a somewhat An increase in the relative biological eVectiveness
later age than currently recommended—by about 5–10 years— (RBE) of low-energy mammographic X-rays com-at which to commence routine breast screening.

pared with high-energy photons is of relevance in
assessing the risk side of the bene� t–risk equation for

1. Background routine mammography. This is because radiation-
related risks are currently calculated based on studiesThere has been much recent debate about the of populations (A-bomb survivors and women whobene� ts of routine screening mammography (e.g. received multiple � uoroscopies) exposed to high-Olsen and Gøtzsche 2001, Miettinen et al. 2002). energy photons (Howe et al. 1981, NCRP 1986, FeigThere has been rather less discussion about possible et al. 1995, Law 1995, Jansen and Zoetlief 1995).

radiation-related risks associated with these examina- Of course, the signi� cance of any enhancement in
tions, speci� cally the risk of radiation-induced breast the biological eVect of mammographic X-rays
cancer, although some risk–bene� t analyses have depends on its magnitude: Virsik and Harder (1978)
been reported (Howe et al. 1981, NCRP 1986, Feig estimated a low-dose RBE of 1.2 ± 0.8 for dicentric
et al. 1995, Law 1995, Jansen and Zoetlief 1995). induction by 30-kVp relative to 150-kVp X-rays, and

Glandular doses from screening mammography Verhaegen and Vral (1994) estimated a low-dose
are low, typically around 3 mGy (Young and Burch RBE of 1.6 ± 0.9 for micronucleus induction by
2000, Kruger and Schueller 2001) of 26–30 kVp low- 14-kVp relative to 350-kVp X-rays, while Sasaki et al.
energy X-rays. A particular issue here, however, is (1989) estimated a low-dose RBE of 0.83 ± 0.79 for
that these very low-energy X-rays are expected to be dicentric aberration induction by 14.6 keV relative
more hazardous, per unit dose, than high-energy X- to 200 kVp X-rays. More recently, Frankenberg et al.
or c-rays (i.e. those on which radiation risk estimates (2002) have presented data for an in vitro oncogenic
are based, such as from the Hiroshima and Nagasaki transformation endpoint with an estimated low-dose
A-bombs). The underlying biophysical reason for the RBE of 4.7 ± 4.2 for 29-kVp relative to 200-kVp

X-rays.
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et al. 2002), produced at the X23A3 beamline (Long for screening mammography. For example, � gure 2
shows the age-dependent bene� t–risk ratio, as estim-et al. 2001) at the Brookhaven National Synchrotron

Light Source. Oncogenic transformation data for ated in the NCRP Report 85 (1986) for yearly
mammogram examinations for 5 years, each produ-15.2 keV monoenergetic X-rays are shown in � gure 1.

Using linear–quadratic � ts (� gure 1) to the low-dose cing a 2-mGy glandular dose. Here the ‘bene� t’ is
assumed to be a 10% decrease in mortality rate, anddata, we estimated a low-dose RBE (a15keV /a662keV , see

legend to � gure 1) of 1.96 ± 0.78 for 15.2-keV X-rays the excess relative risk of radiation-related breast
cancer was appropriately derived from studies of therelative to high-energy 662-keV 137Cs c-rays. While

these experiments are still in progress for this and other Japanese A-bomb survivors. Now, if it were assumed
that low doses of mammographic X-rays are twiceend-points, in no case did we estimate a low-dose RBE

(de� ned, as above, as the ratio of a terms) of >1.5 as hazardous, per unit dose, as the Japanese A-bomb
c-rays, then the mammographic bene� t–risk ratiosrelative to 250-kVp X-rays (0.2mm Cu, 1 mm Al

external � ltration), or >2.5 relative to 137Cs c-rays. would be decreased, by this same factor of 2.
As illustrated in � gure 2, such a reduction in theThese fairly modest RBE estimates are consistent

with the earlier experimental data (see above), as bene� t–risk ratio could have implications about the age
at which commencement of annual breast screening iswell as theoretical estimates (Brenner and Amols

1989) of 1.3 (versus 250-kVp X-rays) and 2.0 (versus recommended. For example, commencing routine
screening at age 40 (American Cancer Society recom-c-rays at Hiroshima and Nagasaki), for the low-dose

RBE of 23-kVp � ltered X-rays. These enhancements mendation, Leitch et al. 1997) corresponds to reaching
some minimum bene� t–risk ratio (numerically equal toare comparatively small because the diVerences in

energy deposition patterns between the high- and
low-energy photons are relatively subtle (Brenner
and Amols 1989, Kellerer 2002, Verhaegen and
Castellano 2002).

If the risks per unit dose of mammographic X-rays
are indeed about twice as large as those from the
radiations at Hiroshima and Nagasaki, this would be
of signi� cance in assessing the bene� t–risk balance

Figure 2. (upper curve) Estimated bene� t–risk ratio for yearly
mammographic screening examinations for 5 years,
assuming a glandular dose of 2 mGy per examination
(NCRP 1986). The bene� t is assumed to be a 10%
reduction in breast cancer mortality rate, and the excess
relative risk for radiation-induced breast cancer was
assumed to be 2.2×10- 4 mGy - 1 . Further details of the
calculation are given in NCRP (1986). ( lower curve)
Corresponding bene� t–risk ratio in which the estimated

Figure 1. Induced oncogenic transformation frequencies (and radiation risk is doubled to account for an increased risk
per unit dose of about 2 for low-energy mammographic68% con� dence limits) in C3H10T ô cells, measured as a

function of the dose of 662 keV 137Cs c-rays and 15.2 keV X-rays. Arrows indicate the increase in age at which a
given bene� t–risk ratio would be attained, assuming themonoenergetic X-rays. The 15.2-keV monoenergetic X-

rays were produced on the X23A3 beamline at the radiation risk were doubled; they suggest that recom-
mended starting ages for routine mammography mightBrookhaven National Synchrotron Light Source (NSLS,

Long et al. 2001), with dosimetry as described by Marino reasonably be increased by 5–10 years if the radiation
risk from mammographic X-rays was twice as large aset al. (2002). For clarity, only low-dose data points are

shown. The curves represent � ts to the full data set using previously assumed. Note that the absolute values of the
bene� t–risk ratio shown in this � gure are dependent onthe models TF15keV =a15keV D+bD2 and TF662keV =

a662keV D+bD2 , where a15keV =0.90 ± 0.15 Gy - 1 and how the bene� t is de� ned and quanti� ed, and are less
meaningful in this context than the temporal displacementa662keV =0.46 ± 0.11 Gy - 1 ; here TF is the induced

transformation frequency and D is the dose. between the two curves.
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99–105. Also erratum in Radiation Research 158: 1267 in � gure 2). If the bene� t–risk ratio were halved
(2002).because the radiation risk was twice that previously

Howe, G. R., Sherman, G. J., Semenciw, R. M. and Miller,estimated, then the age at which this same bene� t–risk A. B., 1981, Estimated bene� ts and risks of screening for
ratio is reached would be increased, in this case from breast cancer. Canadian Medical Association Journal, 124,

399–403.age 40 to 47 (� gure 2). If annual screening were
Jansen, J. T . and Zoetelief, J., 1995, MBS: a model for riskrecommended from age 50 (NIH Consensus Panel

bene� t analysis of breast cancer screening. British Journal1997), doubling the radiation risk while keeping � xed
of Radiology, 68, 141–149.the bene� t–risk ratio for commencement of screening Kellerer, A. M., 2002, Electron spectra and the RBE of X-rays.

would imply an increase in the recommended Radiation Research, 158, 13–22.
Kruger, R. L. and Schueler, B. A., 2001, A survey of clinicalage to begin screening, from age 50 to about 60

factors and patient dose in mammography. Medical Physics,(� gure 2). Similar quantitative conclusions are obtained
28, 1449–1454.if other estimates of the age-dependent bene� t–risk

Law, J., 1995, Risk and bene� t associated with radiation doseratio for mammographic screening (e.g. Law 1995) are in breast screening programmes—an update. British
re-analysed by doubling the radiation risk. Journal of Radiology, 68, 870–876.

Leitch, A. M., Dodd, G. D., Costanza, M., Linver, M.,
P ressman, P ., McGinnis, L. and Smith, R. A., 1997,

3. Conclusions American Cancer Society guidelines for the early detec-
tion of breast cancer: update 1997. CA: Cancer Journal forThere is evidence that low-energy X-rays as used Clinicians, 47, 150–153.

in mammographic screening produce an increased Long, G. C., Allen, J. A., Black, D. R., Burdette, H. E.,
biological risk per unit dose relative to higher-energy Fischer, D. A., Spal, R. D. and Woicik, J. C., 2001,

National Institute of Standards and Technology synchro-photons. At low doses, the increased risk appears to
tron radiation facilities for material science. Journal ofbe in the range of a factor of 2. Thus it is extremely
Research of the National Institute of Standards and Technology,unlikely that the radiation risk alone could prove to 106, 1141–1154.

be a ‘show stopper’ regarding screening mammo- Marino, S. A. and Johnson, G. W., 2002, A microdosimetry
graphy because, for older women, the bene� t is chamber for low-energy x-rays. Radiation Protection

Dosimetry, 99, 377–378.still likely to outweight considerably the radiation
Miettinen, O. S., Henschke, C. I., P asmantier, M. W., Smith,risk. For women <50 years of age, however, this

J. P ., Libby, D. M. and Yankelevitz, D. F., 2002,increase in the estimated radiation risk might indicate Mammographic screening: no reliable supporting
a somewhat later age than currently suggested, evidence? Lancet, 359, 404–405.
by about 5–10 years, at which to recommend NCRP, 1986, Mammography—A User’s Guide. National Council on

Radiation Protection and Measurements, Report 85commencement of routine breast screening.
(Bethesda: NCRP).
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