Comparison of radiation exposure and associated radiation-induced cancer
risks from mammography and molecular imaging of the breast?
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Purpose: Recent studies have raised concerns about exposure to low-dose ionizing radiation from
medical imaging procedures. Little has been published regarding the relative exposure and risks
associated with breast imaging techniques such as breast specific gamma imaging (BSGI), molecu-
lar breast imaging (MBI), or positron emission mammography (PEM). The purpose of this article
was to estimate and compare the risks of radiation-induced cancer from mammography and tech-
niques such as PEM, BSGI, and MBI in a screening environment.

Methods: The authors used a common scheme for all estimates of cancer incidence and mortality
based on the excess absolute risk model from the BEIR VII report. The lifetime attributable risk
model was used to estimate the lifetime risk of radiation-induced breast cancer incidence and
mortality. All estimates of cancer incidence and mortality were based on a population of 100 000
females followed from birth to age 80 and adjusted for the fraction that survives to various ages
between 0 and 80. Assuming annual screening from ages 40 to 80 and from ages 50 to 80, the
cumulative cancer incidence and mortality attributed to digital mammography, screen-film mam-
mography, MBI, BSGI, and PEM was calculated. The corresponding cancer incidence and mortality
from natural background radiation was calculated as a useful reference. Assuming a 15%—32%
reduction in mortality from screening, the benefit/risk ratio for the different imaging modalities was

evaluated.

Results: Using conventional doses of 925 MBq Tc-99m sestamibi for MBI and BSGI and 370 MBq
F-18 FDG for PEM, the cumulative cancer incidence and mortality were found to be 15-30 times
higher than digital mammography. The benefit/risk ratio for annual digital mammography was
>50:1 for both the 40-80 and 50-80 screening groups, but dropped to 3:1 for the 40—49 age
group. If the primary use of MBI, BSGI, and PEM is in women with dense breast tissue, then the
administered doses need to be in the range 75-150 MBq for Tc-99m sestamibi and 35 MBq-70
MBq for F-18 FDG in order to obtain benefit/risk ratios comparable to those of mammography in
these age groups. These dose ranges should be achievable with enhancements to current technology

while maintaining a reasonable examination time.

Conclusions: The results of the dose estimates in this study clearly indicate that if molecular
imaging techniques are to be of value in screening for breast cancer, then the administered doses
need to be substantially reduced to better match the effective doses of mammography. © 2010
American Association of Physicists in Medicine. [DOI: 10.1118/1.3512759]
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I. INTRODUCTION

Recent studies have raised concerns about exposure to low-
dose ionizing radiation from medical imaging procedures.
These studies have focused primarily on the relatively high
doses associated with computed tomography and various car-
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diac imaging procedures.1 Little has been published regard-
ing the relative exposure and risks associated with some of
the newer breast imaging techniques such as breast specific
gamma imaging (BSGI), molecular breast imaging (MBI), or
positron emission mammography (PEM), and how these
risks compare to those of mammography. Understanding the
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risk associated with these procedures is particularly impor-
tant as unlike many CT or cardiac imaging procedures,
women may undergo these procedures on multiple occasions
during their lifetime.

The driving force behind the development of these alter-
native breast imaging techniques has been the limitations of
mammography in certain groups of women. For over 30
years, mammography has been the principal screening and
diagnostic imaging modality for the detection of breast can-
cer. Meta-analyses of the major randomized trials on the ef-
fectiveness of screening mammography have demonstrated
statistically significant reductions of 20%-30% in mortality
from breast cancer for women aged 50-69 y1r.2 Estimates of
the sensitivity of mammography in the general population
vary from 75% to 95%; however, this sensitivity is signifi-
cantly reduced in certain subgroups of women, notably
women under the age of 50 yr,3 women with dense breast
parenchyma,4 and women at increased risk for breast cancer.’
The reduced sensitivity of mammography in women under
age 50 was highlighted by the recent report from the U.S.
Preventative Services Task Force recommending against an-
nual screening mammography in this age glroup.6 The recog-
nition of the limitations of mammography in these subgroups
has fueled interest in alternative breast imaging modalities
that offer potential improvements in sensitivity and specific-
ity, particularly in the subgroups of women for whom the
sensitivity of mammography is impaired.

Alternative techniques to those using ionizing radiation
include ultrasound and contrast-enhanced breast MRI. A re-
cent comprehensive review has summarized the benefits of
these modalities relative to mammography in screening for
breast cancer.” The American College of Radiology Imaging
Network trial (ACRIN 6666) of whole breast ultrasound and
MRI in women at elevated risk of breast cancer showed that
the supplemental yield for ultrasound was 4.2 cases per 1000
women screened (compared to 7.6 cases per 1000 women
screened with mammography).8 However, the addition of ul-
trasound came with a substantial risk of false-positive results
(i.e., biopsy with benign results and/or short interval follow-
up). In addition, it required a significant time commitment
from the radiologist (mean time: 20.8 min for a bilateral
scan) and hence it may not be cost-effective. A subgroup of
ACRIN 6666 subjects were offered a single contrast-
enhanced breast MR imaging screening examination. Of
1215 women invited, 42.1% declined to undergo the proce-
dure, with claustrophobia as the most common reason given
for declining.9 The limitations of ultrasound and contrast-
enhanced breast MRI (false-positive results in the case of
ultrasound and claustrophobia/high cost/variable specificity
in the case of MRI) are likely to limit their widespread adop-
tion as alternative screening techniques.

A number of molecular imaging techniques may demon-
strate better sensitivity than mammography in certain sub-
groups. PEM utilizes two small coincidence detectors to ob-
tain high resolution tomographic images of the breast and
appears to have a comparable sensitivity to MRL'® BSGI
utilizes a single multicrystal sodium iodide-based gamma
camera to image the breast and has been shown to be of
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value in the evaluation of women at high risk of breast
cancer."" At the Mayo Clinic, we have been investigating the
use of MBI as a potential screening tool for breast cancer.
This technique is similar to BSGI, but utilizes a different
detector technology (semiconductor-based gamma camera)
and uses two opposing detectors optimized for breast
imaging.12 Results in a large screening study of ~1000
women who have both dense breasts and additional risk fac-
tors for breast cancer indicate that MBI may be considerably
more sensitive than mammography in the detection of breast
cancer in this population, while demonstrating comparable
specificity. 13

Although multiple possible radiotracers can be used for
breast imaging with these techniques, F-18 FDG has been
the primary radiopharmaceutical used for PEM and Tc-99m
sestamibi has been used for both BSGI and MBI. Because
these techniques involve intravenous injections of radiotrac-
ers, they pose a very different type of radiation risk than
x-ray mammography. These tracers distribute throughout the
body, exposing many organs and tissues to radiation, in con-
trast with mammography, in which the only organ affected
by radiation is the breast. Even though the radiation dose to
breast tissue is low with these molecular imaging techniques,
the dose to other organs and the consequential radiation risk
can be significantly higher. Hence, to compare the risk of
these different imaging modalities, it is necessary to look at
the hypothetical incidence of cancer resulting from these
procedures, rather than simply comparing radiation dose to
the breast.

The purpose of this paper is to estimate and compare the
risks of radiation-induced cancer from mammography and
techniques such as PEM, BSGI, and MBI. Since all such risk
estimates are based on models of radiation risk, we also in-
cluded estimates of the risks of radiation-induced cancer
from natural background radiation, as these provide a useful
reference mark against which to compare risk estimates from
these imaging techniques. Current established models for es-
timation of the risk of inducing cancer from ionizing radia-
tion are based on data from epidemiological studies of vari-
ous cohorts, the largest of which is the survivors of the 1945
atomic bombings in Japan. Biological Effects of Ionizing
Radiation (BEIR) VII is the most recent in a series of publi-
cations from the National Academy of Sciences that reviews
the health risks from exposure to low levels of ionizing
radiation.'* This report presents the risks from exposure to
low-dose, low-linear energy transfer radiation and was used
in this study as the foundation for estimates of radiation risk
attributed to various breast imaging techniques. A key
premise in evaluating the appropriateness of a screening
technique is that the potential benefits of the technique out-
weigh the potential harms. In light of the recent controversy
on the appropriateness of screening mammography for
women in their 40s,° where the majority of women have
dense breast tissue, we also calculated the potential risk/
benefit ratio for different modalities of breast cancer screen-
ing in both a normal and dense breast population, as well as
for different ages of screening initiation.
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Il. METHODS

Il.A. Selection of appropriate model for assessing
radiation risk

Over the past 20 years, several national and international
organizations have developed risk models for the estimation
of the incidence of cancer from low levels of ionizing radia-
tion. These include the committee on the BEIR,14 the Inter-
national Commission on Radiological Protection (ICRP),"
the United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR),'® and national organizations
such as the Environmental Protection Agency (EPA) and the
National Institutes of Health. The most recent report address-
ing the issue of low levels of ionizing radiation is the BEIR
VII report issued in 2006.'* This provides a comprehensive
comparison of the various risk models used over the past 20
years. A full review and discussion of the strengths, weak-
nesses, and assumptions inherent in each model is outside
the scope of this paper, but it is generally recognized that the
uncertainties in estimates of radiation-induced cancer inci-
dence and mortality are of the order of a factor of 2 for each
of these models."” This is comparable to or greater than the
variability in estimation of radiation-induced cancer risk and
mortality between models. For example, the estimated num-
ber of deaths per 100 000 males of mixed ages exposed to
100 mGy was 480 using the preferred models of BEIR VII.
The 95% confidence interval on this estimate was 240-980
deaths. By comparison, the estimated number of deaths from
the models employed in the BEIR V, UNSCEAR, ICRP, and
EPA reports were 770, 710, 506, and 570, respectively, as
reported in BEIR VIL'

Given this variability between the various models/reports
and the known uncertainty in any model, we have opted to
use a single scheme for all estimates of cancer incidence and
mortality. The BEIR VII report utilizes a combination of two
models for calculating cancer incidence and mortality: The
excess relative risk (ERR) model and the excess absolute risk
(EAR) model. Preston et al.'® developed the ERR and EAR
models to estimate breast cancer incidence and mortality
from analyses of pooled data on breast cancer incidence in
various cohorts exposed to ionizing radiation. A recent re-
view by Law et al."” discussed the strengths and weaknesses
of the EAR and ERR models in predicting the risk of breast
cancer. In the ERR model, the excess relative risk of breast
cancer due to exposure to radiation is a multiple of the natu-
ral incidence of breast cancer in the absence of that exposure.
The ERR applies a dose-dependent multiplication factor to
the natural incidence of breast cancer. For populations that
have a naturally high risk factor for breast cancer, the ERR
model results in a higher overall risk per unit dose. In the
EAR model, the excess risk due to exposure to radiation does
not depend on the background incidence that exists in the
absence of that radiation exposure. The EAR model gives an
absolute risk and appears to provide a better estimate of risk
of breast cancer across populaxtions.19 This opinion was ech-
oed in the BEIR VII report which indicated that the EAR
model was the preferred model for the estimation of breast
cancer risk (BEIR VII, Chapter 12). Since we were primarily
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concerned with estimating cancer incidence due to breast im-
aging techniques, we selected the EAR model in preference
to the ERR model for all cancer estimates. We noted that for
cancers other than breast cancer, the BEIR VII Committee
chose a combination of both the ERR and EAR models.
However, in order to maintain a consistent model across can-
cer estimates attributed to mammography, PEM, MBI, and
BSGI, we opted for a single model (EAR) for all calculations
of cancer incidence and mortality.

The BEIR VII Committee chose the lifetime attributable
risk (LAR) model, devised by Vaeth and Pierce,” to estimate
the lifetime risk of radiation-induced breast cancer incidence
and mortality. The LAR estimates are obtained by summing
the EAR estimates for each year of life after the exposure.
The LAR model assumes a latency period of ~5 yr from
exposure to the first risk of cancer from the exposure. The
LAR also includes a presumed dose and dose rate effective-
ness factor (DDREF). The DDREF is a correction factor that
makes some allowance for the likelihood that low-dose or
dose rate exposures of ionizing radiation allow a greater
chance for DNA repair than those at higher doses or dose
rates. A review of the DDREF factor by Law et al.”® con-
cluded that a value of 2 was appropriate for use in dose
calculations at the levels of exposure encountered in screen-
ing mammography. The BEIR VII report found a believable
range of DDREF values from 1.1 to 2.3 and opted for a
median value of 1.5. This value was used in all our calcula-
tions for mammography, MBI, BSGI, and PEM.

I1.B. Survival table

For the purposes of this study, all estimates of cancer
incidence and mortality were based on a population of
100 000 females followed from birth to age 80. In order to be
able to compare the benefits and risks of radiation from vari-
ous screening techniques to the naturally occurring cancer
incidence and mortality that are available from the National
Program of Cancer Registries,21 it was necessary to adjust
these incidence and mortality rates for the fraction of the
100 000 females expected to survive to various ages between
0 and 80. Mortality tables as a function of age were obtained
from the Human Mortality Database®* for females in the U.S.
Table I presents an abbreviated version of that database and
shows the number of female survivors from birth to age 84,
starting with a population of 100 000. Linear interpolation
was used to calculate the number of survivors each year be-
tween 0 and 80. This table is also an integral part of the
radiation risk models described below, as equations for esti-
mates of the LAR include an adjustment for the fraction of
the initial 100 000 women that survive to a given age.

Il.C. Mammography

Estimates of the mean glandular dose (MGD) from a bi-
lateral two-view mammogram (craniocaudal and mediolat-
eral oblique views) vary in the literature. A recent study by
Hendrick er al.* compared the MGD between digital and
screen-film mammography in 4366 patients using data from
the American College of Radiology Imaging Network Digital



6190 O’Connor et al.: Radiation exposure from breast imaging

TaBLE 1. Number of female survivors from ages 0 to 84, starting with a
population of 100 000. Data taken from The Human Mortality Database
(Ref. 21).

6190

TABLE II. Values of B and 7 used for estimation of EAR (cancer incidence)
due to mammography, MBI, BSGI, and PEM. Values were extracted from
BEIR VII (Table 12-2).

Age Number of survivors Cancer site Br y n
0 100 000 Stomach 4.9 —0.41 2.8

1-4 99 387 Colon 1.6 —0.41 2.8

5-9 99 285 Liver 1.0 —0.41 4.1

10-14 99 222 Lung 34 —0.41 5.2
15-19 99 153 Breast 9.4 —0.51 3.5 (attained age <50)
20-24 98 969 1.1 (attained age>50)
25-29 98 728 Uterus 1.2 —0.41 2.8
30-34 98 454 Ovary 0.70 —0.41 2.8
35-39 98 095 Bladder 0.75 —0.41 6.0
40-44 97 563 Other cancers 4.8 —0.41 2.8
45-49 96 719
50-54 95 449
55-59 93 648
60-64 91070 resents the EAR per 10* person-year-Sieverts. The parameter
65-69 87160 v represents the per-decade increase in age at exposure and
70-74 81476
75-80 73218 e’ =(e—30)/10. (1.2)
80-84 61 666

Mammographic Imaging Screening Trial (DMIST). The
MDG per subject (two views) was 3.72 mGy for digital
mammography and 4.74 mGy for screen-film mammogra-
phy. This does not include the additional dose from extra
views. With the availability today of larger digital detector
systems, we assumed that the number of extra views required
is no different between digital and film-screen systems and
therefore we used the value of 5.2% reported for film-screen
systems in the DMIST study.23 After correction for the dose
from the extra views, this resulted in an average MDG per
subject (two views) of 3.91 mGy for digital mammography
and 4.98 mGy for screen-film mammography. For this study
we opted to report estimates of cancer incidence and mortal-
ity using the values from DMIST as it reflects the most cur-
rent technology and also was the only report to include the
effects of extra views in the overall estimate of MGD. Due to
the conflicting recommendations on when to initiate breast
cancer screening,6 we have evaluated the effects of radiation
based on breast cancer screening programs with annual
mammograms from ages 40 to 80 and from ages 50 to 80.

As mentioned above, the preferred model for female
breast cancer in the BEIR VII report is the EAR model, as it
is based on both the atomic bomb survivors and U.S studies
and includes both age at exposure and attained age as modi-
fying factors. The EAR from mammography in females was
calculated using the equation for EAR from BEIR VII [Eq.
12-2] shown as Eq. (1.1) below.

EAR(a,e) = B - Dose - exp(ye™)(a/60)”. (1.1)

In this equation, e=age of the woman at the time of ex-
posure to radiation and ranged from either 40 to 80 or from
50 to 80 yr. The parameter a=attained age, i.e., age at which
we wish to estimate the cancer risk. The parameter SBg rep-
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Equation (1.2) differs from that described in BEIR VII, in
that e* does not go to zero after age 30 as described in BEIR
VII (Table 12-2), but continues to decline with age. This was
found to provide a better match between the cancer risk es-
timated in this study and that published by BEIR VII (Table
12D-1). The parameter 7 is the exponent of attained age. The
parameters for the breast, Bg, v, and 7 were taken from
BEIR VII (Table 12-2) and are listed in Table II. Breast
cancer mortality was estimated by taking the breast cancer
incidence rate and multiplying it by the ratio of the sex and
age-specific mortality and incidence rates for the U.S.
populatiorl,21 consistent with the method used in the BEIR
VII report.

A matrix was constructed for a range of age of exposure
and attained age of either 40-80 or 50-80 yr. To account for
the presence of a risk-free latent period between exposure
and risk, the EAR was adjusted as shown in Eq. (1.3) below

EAR(a,e)=0 for a=e+L, (1.3)

where L is a risk-free latent period from time of exposure to
time of the first occurrence of cancer. A period of 5 yr was
selected for solid cancers based on the BEIR VII recommen-
dation. To calculate the cumulative lifetime risk from ages 40
to 80 and from 50 to 80, it is necessary to include the prob-
ability of survival until age a conditional on survival to age
e. Using interpolated values from Table I, the ratio S(a)/S(e)
(survival at attained age a, conditional on survival to ex-
posed age ¢) was computed for all attained ages= exposed
age. The LAR (e) was then computed using a slight modifi-
cation of the equation from BEIR VII [Eq. 12-4], as shown
in Eq. (1.4) below

LAR(a) = >, EAR(a,e) - S(a)/S(e), (1.4)

where the summation is from e¢=40 to a or 50 to a, as ap-
propriate. This summation yielded the LAR for an attained
age a from all mammograms since ages 40 or 50 up to the
attained age. From the LAR at each attained age a, the cu-
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TABLE II1. Values of B, v, and 7 used for estimation of EAR (incidence and
mortality) due to background radiation. Values were extracted from BEIR
VII (Table 12-1).

EAR Br Y 7
Incidence 28 —0.41 2.8
Mortality 13 —0.37 3.5

mulative risks of cancer from mammography were obtained
by summing the LAR from ages 40 to 80 and from 50 to 80.

11.D. Molecular imaging techniques

For MBI, BSGI, and PEM, organ dose estimates for Tc-
99m sestamibi were taken from Table IV.7.4 of ICRP 80 and
those for F-18 FDG were taken from Table III.2.1 of ICRP
80.2* The MIRD 19 report25 provides updated estimates of
some organ doses for F-18 FDG and where these differed
from those in ICRP 80, the updated values were used. To
match these organ estimates with the cancer sites in the
BEIR VII report, the following adjustments were made: (a)
The average of the doses to the small intestine, upper large
intestine, and lower large intestine was used to calculate in-
cidence of colon cancer and (b) the total body dose was used
to calculate the incidence of “other solid cancers” not spe-
cifically addressed by the BEIR VII report. The EAR from
F-18 FDG and Tc-99m sestamibi in females was calculated
using Eq. (1.1), assuming annual exposures from MBI,
BSGI, and PEM beginning at age 40 or 50. The values for
the coefficients Br and % were taken from BEIR VII (Table
12-2) and are presented in Table III. However, ¢* was
assumed=0 for ¢=30, and Eq. (1.1) was simplified to

EAR(a,e) = B - Dose - (a/60)7. (1.5)

The LAR attributed to each molecular imaging technique
was then calculated using the values of EAR [from Egs. (1.1)
and (1.5)] and Eq. (1.4) and utilizing the same exposed age
ranges. For PEM, we assumed an administered dose of 370
MBq per procedure.10 For MBI and BSGI, we evaluated two
different dose ranges. Previous studies from our laboratory
reported an administered dose of 740 MBq Tc-99m sestamibi
for MBI procedures.12 BSGI studies using a single-detector
system have reported doses in the range 925-1110 MBq.11
Hence we assumed a typical dose range of 740-1110 MBq
for MBI and BSGI procedures, with an average value of 925
MBgq. We have recently implemented a number of hardware
and software enhancements to MBI technology, which has
resulted in a reduction in the required dose of Tc-99m sesta-
mibi to 296 MBq.26 Initial results indicate that the required
dose of Tc-99m sestamibi can be further reduced to 74-148
MBq (Ref. 26) and we have recently commenced clinical
studies evaluating this low-dose strategy. We used an average
value of 111 MBq and a range of 74—148 MBq as the poten-
tial low-dose range for MBI procedures.
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I.LE. Background radiation

As the majority of background radiation exposure is an
unavoidable consequence of living on planet earth, it serves
as a useful index against which to compare the effects of
radiation from mammography and molecular imaging proce-
dures. Background radiation levels are known to vary signifi-
cantly with location. Excluding exposure due to medical pro-
cedures, the average value in the U.S is 3.1 mSv/yr.27 To
match the models used above, the cancer incidence and mor-
tality from background radiation in females were calculated
using the equation for EAR from BEIR VII [Eq. 12-2] shown
as Eq. (1.1) above and its associated parameters (BEIR VII,
Table 12-1) that are presented in Table III below. For back-
ground radiation, ¢* was defined as

e"=(e—-30)/10 for e <30 and e"=0 for e = 30.
(1.6)

A matrix was constructed for a range of age of exposure and
attained age of 0-80 yr. The LAR associated with back-
ground radiation was then calculated using the values of
EAR [from Eq. (1.1)] and Eq. (1.4) described above, but
with the summation now going from e=0 to a and assuming
annual background exposure of 3.1 mSv until age 80.

II.LF. U.S. total cancer and breast cancer incidence and
mortality

To put the risk of cancer attributed to mammography,
MBI and PEM, and background radiation into perspective,
we also calculated the cumulative cancer incidence and can-
cer mortality in the U.S. (all cancers, all races) in women and
the cumulative incidence and mortality from breast cancer in
women using results from the National Program of Cancer
Registries for 2006.%" These provide cancer incidence and
mortality in the U.S. by five-year age groups. Linear inter-
polation was performed to obtain the total cancer and breast
cancer incidence and mortality numbers for each year from
birth to 80 yr. These values were then multiplied by the
fraction of the population surviving at each year (Table I) to
permit direct comparison with estimates of cancer incidence
from the various sources of radiation. Cumulative total can-
cer and breast cancer incidence and mortality were then ob-
tained from ages O to 80.

I.G. Estimation of benefit/risk ratio for breast
screening

Calculation of breast cancer mortality from radiation was
combined with the reported reduction in breast cancer mor-
tality from screening mammography and used to provide an
estimate of the potential benefit of a breast cancer screening
technique based on mammography or an equivalent molecu-
lar imaging technique in two populations: (a) A normal popu-
lation of 100 000 women and (b) a population of 100 000
women with dense breast tissue. The average utilization rate
for screening mammography in the U.S. was reported as
76.1% in 2006 (Ref. 28) and a recent meta-analysis of Ca-
nadian, European, and Australian screening programs has
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shown the overall reduction in mortality to be at least 25%
(estimates range from 25% to 48%).29 The recent guidelines
by the U.S. Preventive Services Task force on screening for
breast cancer pooled results from all randomized and esti-
mated the reduction in mortality to be 15% for women aged
40-49, 14% for those aged 50-59, and 32% for those aged
60-69.

In women who have been diagnosed with breast cancer,
the observed breast cancer mortality rate (M,) reported in the
National Program of Cancer Registries is less than the true
mortality rate (M,) that would be observed in the absence of
screening. From knowledge of the breast cancer incidence
and M,, the value of M, can be obtained using the following
equation:

M,=M,/[(1-U)+U=* (1 -R)], (1.7)

where U=utilization rate of screening mammography and
R=fractional reduction in the risk of dying from breast can-
cer attributed to screening mammography. Assuming a value
of R=0.15 for women aged 40-49, R=0.14 for women aged
50-59, and R=0.32 for women aged 60 and older,”” and U
=0.761,"® as described above, we obtain

M,=60=My/[(1 =0.761) +0.761 * (1 — 0.32)]
=1.322 % M0>60’

Mso_s0 = Mo/[(1 = 0.761) + 0.761 (1 — 0.14)]
= 1119 * M050_59,

Mug_a9=M/[(1=0.761) +0.761 * (1 — 0.15)]
= ]129 * Mo4()—49'

Using the true mortality rate for breast cancer, the poten-
tial benefits for various screening scenarios were then esti-
mated for the normal population of 100 000 women. Esti-
mates of the reduction in breast cancer mortality were
compared to the increased mortality attributed to mammog-
raphy to obtain a benefit/risk ratio.

Approximately 25% of women undergoing mammogra-
phy are reported to have heterogeneously or extremely dense
breast tissue.”’ Hence, in a population of 100 000 women,
the reported incidence of breast cancer (I) is a combination
of the incidence in two groups, the incidence in nondense
breasts (I,) and the incidence in dense breasts (I,)

1=0.75 # 1, + 0.251,. (1.8)

Women with dense breast tissue have a factor of ~5 in-
creased risk of breast cancer.*’! Hence, we assumed that the
incidence of breast cancer is five times higher in the dense
breast population compared to the nondense population, i.e.,

[g=5%1,. (1.9)

From these two equations, we can obtain an estimate of
the breast cancer incidence in a dense breast population. In
this population, the sensitivity of mammography is known to
be reduced to ~50%,%> whereas a recent study has shown
the sensitivity of MBI to be 90%." For new technologies
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TaBLE IV. Estimated lifetime cumulative risk of radiation-induced cancer
(incidence and mortality) attributed to a single examination at ages 40, 50,
60, and 70 yr of age using various breast imaging procedures. All numbers
are cumulative to age 80 for 100 000 females undergoing a single examina-
tion.

Age
at exposure Cancers Cancer
Procedure (yr) induced deaths
Digital mammography (3.91 mGy) 40 4.7 1.0
50 22 0.5
60 0.9 0.2
70 0.2 0.0
Screen-film mammography (4.98 mGy) 40 6.0 1.2
50 2.9 0.6
60 1.1 0.3
70 0.2 0.1
Tc-99m sestamibi (925 MBq) 40 34 20
50 29 17
60 22 12
70 9.2 5.2
F-18 FDG (370 MBq) 40 36 17
50 30 15
60 22 12
70 9.5 5.2

such as MBI, BSGI, and PEM, there are no published data
that demonstrate a reduction in breast cancer mortality.
Hence, the following hypothesis was used to predict the pos-
sible benefits of these technologies in a population of women
with dense breast tissue. Bailey et al.,32 using a simulation
model, found that lowered mammographic tumor detectabil-
ity accounted for ~80% of the reduced sensitivity of mam-
mographic screening in younger women and was the major
contributing factor to the failure of mammography to reduce
breast cancer mortality in this population. Hence, any alter-
native imaging modality that has a high sensitivity for the
detection of breast cancer in this population might be reason-
ably expected to likewise lead to a corresponding reduction
in mortality. As mammography is known to perform well in
older women, we hypothesized that the performance of MBI
in dense breast tissue would yield a comparable reduction in
mortality to that observed with mammography in older
women (i.e., R=0.32).

lll. RESULTS

Table IV shows the estimated lifetime radiation-induced
cancer incidence and mortality from a single examination
with digital mammography, screen-film mammography,
MBI, or BSGI performed at a dose of 925 MBq and PEM
performed at a dose of 370 MBq. For a 40 yr old woman, the
estimated radiation-induced cancer incidence from molecular
imaging techniques using conventional doses of Tc-99m ses-
tamibi or F-18 FDG is approximately five to seven times that
of mammography. More problematic, the estimated
radiation-induced cancer deaths are more than 20 times
higher, due partly to the higher mortality rate for all cancers,
compared to breast cancer. Figure 1 shows the estimated cu-
mulative cancer incidence and mortality attributed to annual
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Fig. 1. (a) Estimated cumulative cancer incidence attributed to annual
screening performed from ages 40 to 80 for digital mammography at a
MGD of 3.91 mGy, screen-film mammography at a MGD of 4.98 mGy,
MBI/BSGI using 925 MBq Tc-99m sestamibi, and PEM using 370 MBq

Cumulative Cancer Incidence

F-18 FDG. (b) Estimated cumulative cancer mortality attributed to annual
screening performed from ages 40 to 80 for digital mammography at a
MGD of 3.91 mGy, screen-film mammography at a MGD of 4.98 mGy,
MBI/BSGI using 925 MBq Tc-99m sestamibi, and PEM using 370 MBq

F-18 FDG.

screening performed from ages 40 to 80 for digital mammog-

raphy at a MGD of 3.91 mGy, screen-film mammography at

a MGD of 4.98 mGy, MBI/BSGI using 925 MBq Tc-99m
sestamibi, and PEM using 370 MBq F-18 FDG. At a dose of
925 MBq Tc-99m sestamibi, the estimated cumulative cancer
incidence by age 80 was 782 cancers. The estimated cancer
incidence attributed to 370 MBq F-18 FDG was very similar
at 800 cancers. By comparison, the estimated cumulative
cancer incidence attributed to mammography ranged be-
tween 56 and 71 cancers.

The mortality attributed to a dose of 925 MBq Tc-99m
sestamibi was 453 cases/100 000 females, while that from
370 MBq F-18 FDG was 408 cases/100 000 females. By
comparison, the mortality attributed to digital mammography
was estimated at 15 cancers and that attributed to screen-film
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FiGc. 2. (a) Estimated cumulative cancer incidence attributed to annual
screening performed from ages 50 to 80 for digital mammography at a
MGD of 3.91 mGy, screen-film mammography at a MGD of 4.98 mGy,
MBI/BSGI using 925 MBq Tc-99m sestamibi, and PEM using 370 MBq
F-18 FDG. (b) Estimated cumulative cancer mortality attributed to annual
screening performed from ages 50 to 80 for digital mammography at a
MGD of 3.91 mGy, screen-film mammography at a MGD of 4.98 mGy,
MBI/BSGI using 925 MBq Tc-99m sestamibi, and PEM using 370 MBq

F-18 FDG.

mammography at 19 cancers. These numbers are more than
20 times lower than those attributed to molecular imaging
techniques.

Figure 2 shows the comparable results for estimated cu-
mulative cancer incidence and mortality attributed to annual
screening performed from ages 50 to 80 at the same doses as
shown in Fig. 1. At a dose of 925 MBq Tc-99m sestamibi,
the estimated cumulative cancer incidence dropped from 782
to 460 cancers when the screening range was shortened to

ages 50-80. Likewise, the estimated cancer incidence attrib-
uted to 370 MBq F-18 FDG dropped from 800 to 442 can-
cers. Hence changing the screening period from 50 to 80 yr
resulted in a ~40% decrease in estimated cancer incidence
for molecular imaging techniques. By comparison, reducing
the screening period to ages 50-80 resulted in an even
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greater reduction in estimated cancer incidence attributed to
digital mammography from 56 to 21 cancers and that attrib-
uted to screen-film mammography from 71 to 27 cancers
(~62% decrease in cancer incidence). The primary reasons
for this greater reduction are the presence of the term e* [Eq.
(1.1)], which declines with age for breast cancer but remains
constant for all other cancers and the reduction in the value
of 7 (Table II) after age 50 for breast tissue. Even using this
shorter screening period, the mortality attributed to 925 MBq
Tc-99m sestamibi and 370 MBq F-18 FDG ranged from
248-267 deaths, compared to ~6 for digital and screen-film
mammography, respectively. Hence the development of
MBI, BSGI, and PEM as possible screening techniques in
breast imaging would require an order of magnitude reduc-
tion in the administered doses of the radiopharmaceuticals to
justify their application based on radiation risk.

To put into perspective the estimated cancer incidence and
mortality attributed to the above techniques, Figs. 3(a) and
3(b) show the estimated cumulative cancer incidence and
mortality as a function of age from exposure to an annual
background radiation level of 3.1 mSv from birth to age 80.
By age 80, an estimated 2174 women could have cancers
attributable to background radiation and 1011 could die as a
result. The comparable estimated cancer incidence attributed
to digital mammography (3.91 mGy/yr from ages 40 to 80)
and MBI/BSGI (925 MBq Tc-99m sestamibi/yr from ages 40
to 80) are also shown. These numbers are dwarfed by the
cumulative cancer incidence and mortality in the U.S. from
all cancers [Fig. 3(c)]. Using the National Program of Cancer
Registries and adjusting for a cohort of 100 000 females fol-
lowed from birth to age 80, there were 37 773 cancers re-
corded and 10 906 cases of invasive breast cancer. The cor-
responding cumulative mortality was estimated at 14 400
and 2138 deaths from all cancers and breast cancer, respec-
tively. Figure 3(c) compares the cumulative mortality from
all cancers against that attributed to background radiation,
mammography, and current molecular imaging techniques.

In 100 000 women, Table V shows the breast cancer inci-
dence and mortality expected to occur in a normal population
between the ages of 0 and 80, 40 and 49, and 50 and 80
based on data for 2006 from the National Program of Cancer
Registries.21 The observed mortality rates were M,=0.124,
0.166, and 0.232 between the ages of 40 and 49, 50 and 59,
and 60-80, respectively. From Eq. (1.7), after correction for
the influence of screening mammography, the estimated mor-
tality rate from breast cancer in the absence of a screening
mammography program was found to be My 49=0.140,
M;50_50=0.166, and M;~4=0.307 between the ages of 40
and 49, 50 and 59, and 60 and 80, respectively. Hence, in our
population of 100 000 females, a total of 1494:0.140=209,
2444:0.186=455, and 7643%0.307-2344 deaths would be
anticipated in the absence of a breast screening program for
women in the 40-49, 50-59, and 60-80 age brackets. As-
suming a 15% (ages 40-49), 14% (ages 50-59), and 32%
(ages 60-80) reduction in mortality attributed to screening
mammography, then 31, 64, and 583 deaths would be pre-
vented by annual screening mammography from ages 40 to
50 and from ages 50 to 80, respectively.
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FIG. 3. (a) Estimated cumulative cancer incidence from natural background
radiation (3.1 mSv/yr from ages O to 80). The comparable cancer incidence
attributed to digital mammography (3.91 mGy) and MBI/BSGI (925 MBq
Tc-99m sestamibi) performed annually from ages 40 to 80 are also shown.
(b) Estimated cumulative cancer mortality from natural background radia-
tion (3.1 mSv/yr from ages 0 to 80). The comparable cancer mortality at-
tributed to digital mammography (3.91 mGy) and MBI/BSGI (925 MBq
Tc-99m sestamibi) performed annually from ages 40 to 80 are also shown.
(c) Estimated cumulative cancer mortality from all sources (National Pro-
gram of Cancer Registries) and from natural background radiation (3.1
mSv/yr from ages 0 to 80). Estimated cancer mortality attributed to digital
mammography (3.91 mGy) and MBI/BSGI (925 MBq Tc-99m sestamibi)
performed annually from ages 40 to 80 are also shown.
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TABLE V. Using breast cancer incidence and mortality for different age groups and corresponding observed breast cancer mortality rate (M,) for 2006 [from
the National Program of Cancer Registries (Ref. 21)], the table shows estimated cancer mortality rate (M,) calculated using Eq. (1.5) and the corresponding
total mortality that would be observed in the absence of screening mammography. All numbers are cumulative to age 80 for 100 000 females.

Breast cancer mortality

Estimated breast cancer

Age range Breast cancer incidence (observed) with screening M, M, mortality w/o screening
0-80 12 520 2427 0.194 — —
40-50 1494 185 0.124 0.140 209
50-60 2444 406 0.166 0.186 455
60-80 7 643 1773 0.232 0.307 2346

In the dense breast population of 100 000 women, the
cumulative incidence of breast cancer using Egs. (1.8) and
(1.9) was estimated at 31 300 cancers from ages 0 to 80.
Similar calculations for women aged 40-49, 50-59, and
60-80 gave 3735, 6110, and 19 108 cancers, respectively
(Table VI).

Table VII shows the estimated cumulative cancer inci-
dence and mortality attributed to various breast imaging pro-
cedures and background radiation for both a normal popula-
tion and a population of women with dense breast tissue.
These estimates are compared to the estimated number of
lives saved by screening mammography and MBI. Because
of the high incidence of breast cancer in women with dense
breasts, the benefit/risk ratio for both digital and screen-film
mammography is actually higher in the dense breast popula-
tion for all age groups than for the normal population.

The potential reduction in mortality from a screening pro-
gram employing MBI is unknown, but based on the high
sensitivity of MBI in women with dense breast tissue," it
was assumed that MBI would yield a comparable reduction
in mortality (~32%) as seen with screening mammography
in women without dense breast tissue. Under this assump-
tion, the benefit/risk ratio of MBI is less than 10:1 for all
groups when a standard dose of 925 MBq is employed, but
begins to achieve a comparable benefit/risk ratio to mam-
mography when the administered dose is reduced to
~111 MBq.

IV. DISCUSSION

Recent articles in the scientific literature have generated
considerable debate and controversy about the potential

TaBLE VI. Using breast cancer incidence for 2006 [from the National Pro-
gram of Cancer Registries (Ref. 21)] and assuming 25% women have dense
breast tissue, with fivefold increase in risk of breast cancer, the table shows
estimated cancer incidence in a population of 100 000 women with dense
breasts. The mortality rate (M,) was assumed to be the same as in Table V.
All numbers are cumulative to age 80 for 100 000 females.

Breast cancer Estimated breast cancer

Age range incidence mortality w/o screening
0-80 31300
40-50 3735 523
50-60 6110 1138
60-80 19 108 5866
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harmful effects of various imaging procedures that utilize
ionizing radiation.' Often overlooked in this debate is the
fact that all estimates of radiation-induced cancer are theo-
retical calculations extrapolated from findings in subjects
who received radiation doses 10—100 times greater than what
is used in clinical practice. Many recent articles quote the
number of deaths caused by CT scans and other imaging
procedures as if they were fact. In reality, these numbers
are “worst case scenario” extrapolations from high-dose
studies. To put this type of extrapolation into context, Fig. 3
and Table VII show the estimated cancer incidence and mor-
tality for natural background radiation. The calculated deaths
from background radiation are more than 50 times greater
than those from 40 years of screening mammography. It
should be noted that currently there is no epidemiological
evidence that background radiation induces this number of
cancer deaths. Background radiation levels have been re-
corded in parts of Brazil, India, and China that are three to
ten times the U.S. average.15 Despite these higher levels, no
increase in the frequency of cancer has been documented in
populations residing in these areas of high natural back-
ground radiation."> Brenner e al.* pointed out that at doses
below ~10 mSv, a cohort of 5X 10° people would need to
be followed-up over their lifetime in order to statistically
demonstrate the effects of such low doses. The impracticality
of such an experiment implies that we may never know the
true effects of very low levels of ionizing radiation. While
we are not suggesting that the risks of low levels of ionizing
radiation are nonexistent, the lack of evidence for the detri-
mental effects of background radiation should place in con-
text the predicted cancer incidence and mortality estimated
from radiation doses associated with x-ray mammography,
MBI, BSGI, and PEM that are discussed below.

A challenge for any study attempting to estimate cancer
risk from ionizing radiation is the selection of the appropriate
risk model. Different risk models can introduce a factor of 2
in the estimated number of cancer cases. Even within the
BEIR VII report, use of different models (EAR vs ERR) can
give a twofold difference in the estimate of radiation-induced
cancer incidence. For this study, we decided on the EAR
model as it is best suited to estimates of radiation-induced
breast cancer.'® In addition, the use of this model rather than
the generalized risk estimates available in BEIR VII (Tables
12-D1, 12-D2, and 12-D3) allowed the incorporation of cor-
rections for factors such as survival to a given age, LAR to
80 rather than end of life, and use of individual organ dose
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TaBLE VII. Estimated cumulative cancer incidence and mortality attributed to various breast imaging procedures and background radiation, compared to the
potential number of lives saved assuming a 15%, 14%, and 32% reduction in mortality from screening mammography for a normal population of women aged
40-49, 50-59, and 60-80, respectively, and assuming a 15% reduction for all women aged 40-80 with dense breast tissue.

Exposure period

Procedure/exposure source Dose (yr) Cancers induced Cancer deaths Reduction in mortality Benefit/risk ratio
Digital mammography 3.91 mGy 40-80 56 15 845 56:1
Normal population 3.91 mGy 50-80 21 6 815 135:1

3.91 mGy 40-49 35 9 31 ~3:1
Screen-film 4.98 mGy 40-80 71 19 845 44:1
mammography 4.98 mGy 50-80 27 7 815 116:1
Normal population 4.98 mGy 40-49 44 11 31 ~3:1
Digital mammography 3.91 mGy 40-80 56 15 1129 75:1
Dense breast population 3.91 mGy 50-80 21 6 1051 175:1

3.91 mGy 40-49 35 9 78 9:1
Screen-film 4.98 mGy 40-80 71 19 1129 59:1
mammography 4.98 mGy 50-80 27 7 1051 150:1
Dense breast population 4.98 mGy 40-49 44 11 78 7:1
MBI* 925 MBq 40-80 782 453 2408 ~5:1
Tc-99m sestamibi 925 MBq 50-80 460 267 2241 ~8:1
Dense breast population 925 MBq 40-49 322 186 167 ~1:1
Low-dose MBI" 111 MBq 40-80 94 54 2408 46:1
Tc-99m sestamibi 111 MBq 50-80 55 34 2241 66:1
Dense breast population 111 MBq 40-49 39 20 167 ~8:1
PEM 370 MBq 40-80 800 408 No data
F-18 FDG 370 MBq 50-80 442 248 No data

370 MBq 40-49 358 160 No data
Background radiation 3.1 mSv 0-80 2174 1011 —

“Estimates for MBI assume a 32% reduction in mortality from MBI for all women ages 40—-80 with dense breast tissue. No data on screening is available for

BSGI or PEM. All numbers are cumulative to age 80 for 100 000 females.

rather than effective dose for radiopharmaceutical dosimetry.
One interesting consequence of the EAR model is the sig-
nificant difference in how the model treats breast cancer rela-
tive to all other cancers. The term ¢* in Eq. (1.1) results in
the risk of breast cancer from radiation to the breast declin-
ing with age, whereas for all other cancers the risk of cancer
remains relatively constant with age. This is evident in Table
IV where the expected cancer incidence from a single exam
performed at ages 40 and 70 differ by a factor of 20-30 for
mammography but only a factor of 3—4 for molecular imag-
ing techniques.

One factor not included in our dose estimates was the
relative biological effectiveness (RBE) of different energy x
rays and gamma rays. There is increasing evidence from ra-
diobiology studies® that the low-energy x rays used in
screening mammography are more effective in inducing bio-
logical damage than the higher energy gamma rays used in
molecular imaging techniques, i.e., they have an increased
RBE value. Risk estimates for radiation-induced cancer, de-
rived principally from the atomic bomb survivor studies, are
based on the effects of high energy gamma rays and neutrons
and thus the implication is that the risks of radiation-induced
breast cancer arising from mammography may be higher
than that assumed based on standard risks estimates. Based
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on a review of existing data from in vitro studies, Brenner et
al.*® reported that low doses of low-energy x rays may pro-
duce an increased risk per unit dose by RBE factors of 1.2 to
4.8 relative to the higher energy gamma rays used in MBI,
BSGI, and PEM. The BEIR VII report only briefly addressed
this issue and stated that “it may be desirable to increase risk
estimates by... a factor of 2 or 3 for the purpose of estimat-
ing risk from low-dose x-ray exposure.” This is still a con-
troversial issue with studies recommending for and against a
modification of the risk estimates for mammography.3 6.37
While this factor is mentioned in the BEIR VII report, the
final tables do not incorporate RBE into their estimates. Law
et al.’’ have recently argued against any modification of the
current models for risk estimation in mammography and in-
dicated that many models already accounted for this effect.
All the calculations presented in this study are based on as-
sumption that low-energy x rays have a RBE factor of 1.
Increasing the RBE values by a factor of 2 or 4 for mam-
mography would significantly alter the benefits of mammog-
raphy relative to molecular imaging techniques in a screen-
ing environment.

Figure 1 and Table VII show the number of cancers at-
tributed to mammography. The results show that with both
screening mammography regimes, the benefit/risk ratio re-
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mains above 50:1 for digital mammography. Looking at the
effects of screening between ages 40 and 49, the benefit/risk
ratio drops to 3:1. However, in the dense breast population,
despite the lowered sensitivity of mammography, the benefit/
risk ratio increases to 9:1 due to the fivefold higher preva-
lence of cancer in this population. The recent U.S. Preventa-
tive Services Task Force report on screening mammography
recommended annual screening at age 50 rather than age 40,
as was previously recommended.® While numerous other fac-
tors contributed to this decision, on the basis of radiation risk
alone, the numbers in Table VII would argue in favor of
continuing screening mammography for women in their 40s.

Prior discussions on the radiation dose from molecular
imaging techniques have focused on the radiation dose to the
breast alone. When looked at in isolation, the radiation dose
to breast tissue is less than that from mammography, and
some reports have focused on this fact to minimize the im-
pact of radiation effects from molecular imaging techniques.
However, because these radiopharmaceuticals are adminis-
tered systemically, the radiation doses to other organs are
considerably higher than that to the breast and the doses to
these organs dictate the overall radiation burden to the pa-
tient. As a consequence, as shown in Table IV, the relative
number of cancers induced by a single study at age 40 using
a 925 MBq dose of Tc-99m sestamibi or a 370 MBq dose of
F-18 FDG is ~7 times higher than that from digital mam-
mography.

If we assume that the primary application for any molecu-
lar imaging technique in a screening environment is in the
population of women where the performance of mammogra-
phy is limited by breast density, then Table VII shows that
even in this case, the benefit/risk ratio is less than 8:1 for all
groups except for women over 50 and would argue against
the use of technologies such as MBI, BSGI, and PEM at their
current administered dose levels in a screening environment.
At our institution, a recent work on dose reduction methods
for MBI has indicated that the administered dose of Tc-99m
sestamibi can be reduced to 148 MBq with no degradation in
image quality and that it may be possible to achieve further
reductions to 74 MBq.26 At these dose levels, Table VII
shows that in women with dense breast tissue, MBI can
achieve an acceptable benefit/risk ratio to warrant further
evaluation in this population. Dedicated molecular imaging
technologies for the breast are still in their infancy and we
believe that future refinements to these technologies will en-
able them to be performed with significantly lower doses
than what have been used to date.

Recent studies have shown that both MBI and BSGI are
very comparable to contrast-enhanced breast MRI in terms of
their ability to detect breast cancer.’® Breast MRI has al-
ready been shown to be superior to mammography as a
screening technique in women at high risk of breast cancer.™
However, there are no data to support contrast-enhanced
breast MRI as a screening tool in average risk women or
women with dense breasts and the high cost of MRI relative
to mammography (factor of ~10) may prohibit its evaluation
in this population. A recent study using MBI as a screening
tool in a population of women at increased risk of breast
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cancer showed that MBI had two to three times the sensitiv-
ity of mammography.13 As low-dose molecular imaging tech-
niques are developed, the added advantage of increased sen-
sitivity should eventually be reflected in a further reduction
in the mortality from breast cancer and should make these
techniques attractive as adjunct screening techniques to
mammography.

One disadvantage of molecular imaging techniques com-
pared to mammography is the fact that even if both tech-
niques induce comparable numbers of cancers, the estimated
mortality rate from mammography is less than that of mo-
lecular imaging techniques due to the low mortality rate for
breast cancer (~20%) relative to that for all solid tumors
(~50%). However, a counterargument to that is the fact that
the mortality from breast cancer in women with dense breast
tissue is approximately twice that of women with nondense
breast tissue.”” We have not incorporated this effect into the
above calculations, but it would further strengthen the case
for low-dose molecular imaging techniques in younger
women with dense breast tissue.

The BEIR VII EAR model indicates that the detrimental
effects of radiation to the breast tissue decline far faster with
age than those from radiation to the whole body. The impli-
cations of this are that the detrimental effects of radiation in
women ages 40-49 are significantly greater than in women
50 and older. Figure 1 and Table VII show that the number of
cancers induced by 30 yr of mammography from ages 50 to
80 is a factor of 1.5 times less than that induced by only 10
yr of mammography from ages 40 to 49. This makes mam-
mography a more attractive option in older women where it
is also known to yield a significant reduction in mortality.

If the results from the MBI screening study13 are borne
out in larger multicenter studies, then there may be a valu-
able role for molecular imaging techniques in a screening
environment for women in their 40s—50s who are disadvan-
taged by mammography due to its lower sensitivity and for
women with dense breast tissue who are further disadvan-
taged by their higher risk factor for breast cancer and the
greater mortality rate from cancers in these women.*’

The results of the dose estimates in this study clearly in-
dicate that if molecular imaging techniques are to be of value
in screening for breast cancer, then the administered doses
need to be substantially reduced to better match the effective
doses of mammography. From our calculations, it appears
that doses of Tc-99m sestamibi need to be in the range 75—
150 MBq and doses of F-18 FDG should be in the range
35-70 MBq. We believe that these dose ranges can be
achieved with enhancements to current technology while
maintaining a reasonable examination time. PEM technology
uses two small opposing scanning arrays of crystals. The use
of a full field array system should yield a factor of 5 or more
increase in sensitivity. Likewise, in MBI, a recent work has
shown a variety of improvements that permit the adminis-
tered dose to be reduced to 150 MBq.26 We believe that
molecular imaging technologies will yield a significant im-
provement in sensitivity relative to mammography, and with
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enhancements to the technology, may play an important role
as adjunct screening techniques in the future.
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