
Estimates of the Sizes at Which Breast Cancers Become
Detectable on Mammographic and Clinical Grounds

James Michaelson, PhD,* Sameer Satija, AB,† Richard Moore, AB,‡ Griffin Weber, BS,§ Elkan Halpern,�

Andrew Garland,¶ Daniel B. Kopans, MD,# and Kevin Hughes, MD**

Several new methods are proposed for measuring

the ability to detect breast cancer, especially the sizes at

which these cancers become operationally detectable by

screening mammography, the sizes at which they be-

come operationally detectable in the absence of screen-

ing, and how these aspects of breast cancer operational

detectability vary from woman to woman. The term “op-

erational detectability” is used herein to describe the

combined effects of physical and human factor limits to

cancer detection. With use of the new methods outlined

here, together with data on the tumors seen over the

last decade at the Massachusetts General Hospital

Breast Imaging Division, the median size at which breast

cancers become operationally detectable in the absence

of screening was found to be approximately 15 mm,

whereas the median size at which breast cancers be-

come operationally detectable by screening mammog-

raphy was found to be approximately 7.5 mm. The dis-

tribution of tumor sizes detected in the absence of

screening was found to be roughly symmetric around its

median value of 15 mm, whereas the distribution of tu-

mor sizes operationally detectable by mammography

appears to be asymmetric around its median value of 7.5

mm. The mammographic operational detectability of

breast cancer was found to be affected by the breast’s

radiographic tissue density and possibly mildly affected

by patient age. [Key words: breast cancer, mammo-

graphic detection, clinical detection, tumor size] Journal

of Women’s Imaging 2003;5;3–10

Breast cancer screening is believed to reduce breast can-
cer death by finding cancers at smaller sizes than would
have been seen in the absence of screening.1 However, to
our knowledge, there have been no previous estimates,
in quantitative terms, of the sizes at which breast can-
cers become operationally detectable by screening mam-

mography and in the absence of screening. By “opera-
tional detectability” we mean the combined effects of
physical and human factor limits to cancer detection. An
understanding of these features of breast cancer detec-
tion would allow a number of insights into the best ways
to use breast cancer screening.2 Indeed, with use of
rough estimates of these values, it has been possible to
construct a computer simulation model of breast cancer
growth and detection, which could estimate such things
as the relationship between the breast cancer screening
interval and the expected reduction in breast cancer
death.3 Herein we describe and use several new methods
for extracting estimates of the operational detectability
of breast cancers, especially the sizes at which breast
cancers become operationally detectable by mammog-
raphy, the sizes at which these tumors become opera-
tionally detectable in the absence of mammography, and
how these aspects of detectability vary from woman to
woman.

� MATERIALS AND METHODS

Dataset and Basic Definitions

We reviewed features of the 810 invasive breast cancers seen at
the Massachusetts General Hospital (MGH) Breast Imaging
Division database between 1990 and 1999.4 Carcinomas in
situ were not included in among these tumors. Invasive breast
cancers were divided into categories: first-screen–detected can-
cer (invasive breast cancer identified by mammography in an
asymptomatic woman at her first screening at MGH), subse-
quent-screen–detected cancer (invasive breast cancer identified
by mammography in an asymptomatic woman who had at
least one previous negative screening mammogram result at
MGH), intervening cancer (invasive breast cancer identified by
means other than a screening mammogram in a woman who
had at least one previous negative screening mammogram re-
sult at MGH), and never-screened cancer (invasive breast can-
cer identified by means other than a screening mammogram in
a woman who has no history of mammography at MGH).
Note that we have adopted the term “intervening cancer” to
distinguish it from the term “interval cancer,” which is usually
used to describe a tumor arising after negative examination
results but within a specified period of time. For the cancers
that arose in women who had had previous negative mammo-
gram results (intervening and subsequent-screen–detected can-
cers), it was possible to determine the length of time from the
previous negative examination results until when the cancer
was diagnosed. Gross tumor size measured in three dimen-
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sions was assessed at the time of pathologic analysis, and the
largest of these three measurements was entered into the MGH
database as the tumor size. For the 491 cancers that arose in
women who had had previous negative mammogram results
(179 intervening cancers and 312 subsequent-screen–detected
cancers), we were able to determine the length of time from the
previous negative examination results until the time when the
cancer was diagnosed. Tumor size data were also available for
182 invasive breast cancers seen at the Lahey clinic from 1997
to 2000.5,6

Breast cancer operational detectability is defined as the ra-
tio of the number of cancers of a specific size that are capable
of being found by a specific criterion of detection to the num-
ber of cancers of that size that are present in the population at
the time when these cancers are detected. By “mammographic
operational detectability” we shall mean a measure of the op-
erational detectability of cancers by screening mammography,
whereas, by “nonmammographic operational-detectability”
we shall mean a measure of the operational detectability of
cancers by means other than screening mammography. There-
fore, the phrase “nonmammographic operational detectability
of breast cancer” describes the combined potential of a tumor
to be perceived by the woman, to be brought to the attention
of the medical system, and to be acted on by the medical
system, thereby leading to a diagnosis of breast cancer. Like-
wise, the phrase “mammographic operational detectability”
describes the combined potential of a tumor to be revealed by
the mammographic technique together with the mammogra-
pher’s ability to identify these signs, leading to a diagnosis of
invasive breast cancer. In our data set, most cases of nonmam-
mographic detection occur when a palpable mass is found and,
less frequently, when breast thickening, breast pain, nipple
discharge, or nipple inversion are found. General clinical ex-
perience indicates that, most of the time, women make these
findings themselves, although this information was not en-
tered into our database.

The size at which an individual invasive breast cancer be-
comes operationally detectable by mammography shall be de-
fined as “Sm” and the size at which an individual invasive
breast cancer becomes operationally detectable in the absence
of mammography shall be defined as “Sp” the subscript “p”
reflecting the fact that most of these cancers are detected by
palpation. By convention, “Sm” and “Sp” are usually referred
to by the tumor diameter. “Nm” and “Np” are defined as the
number of cells in tumors of sizes Sm and Sp. Of course, not all
tumors will be operationally detectable at the same size, and
therefore, within populations of women, Sm and Sp are present
as distributions of values, centered around some median val-
ues for Sm and Sp.

“Screening yield” is defined as the ratio of the number of
cancers found at mammography to the total number of screen-
ing mammograms performed.

The categories for assessing radiographic density at MGH
were created before the introduction of American College of
Radiology (ACR) codes. The MGH system used seven tissue
patterns.1 Although they differ from Breast Imaging Reporting
and Data System (BIRADS) classification, they are easily “col-
lapsed” into that four-point tissue pattern scale.1 MGH pat-
tern 1 is equivalent to ACR code 1 and MGH pattern 3 is
equivalent to ACR code 2. MGH pattern 2 does not precisely
correspond to any ACR code and is very rarely found. There-
fore, MGH patterns 1, 2, and 3, as a group, were considered
low-density, corresponding roughly but not precisely to ACR

codes 1 and 2, whereas MGH pattern 4 was considered inter-
mediate-density (approximately equivalent to ACR code 3),
and patterns 5, 6, and 7 were considered high-density (ap-
proximately equivalent to ACR code 4).

� RESULTS

Sp has been defined as the size at which invasive breast
cancers become operationally detectable in the absence
of mammography, the distribution of which can be de-
termined by assembling a cumulative distribution of the
sizes of cancers appearing in women who had not un-
dergone screening (never-screened cancers; Figure 1,
top). This revealed a roughly symmetric distribution
around a median Sp of 15 mm (Figure 1, bottom). Ap-
proximately one in 10 patients have an Sp less than 7
mm, whereas, at the other extreme, approximately 10%
of patients have an Sp as great as 30 mm (Figure 1).
These values were confirmed by assembling an equiva-
lent cumulative distribution for the palpable cancers
found in a separate institution, the Lahey Clinic.5,6

Sm has been defined as the size at which invasive
breast cancers become operationally detectable by mam-
mography, and we have developed two methods to es-
timate the distribution of values of Sm (see Appendix).
The method of absolute efficiency of mammographic
detection relies on the fact that, with information on the
tumor growth rate,7 it is possible to back-calculate
(equation 18, see Appendix) the size that each interven-
ing and subsequent-screen–detected cancer (Figure 2)
would have been at the time of the previous screening

Figure 1. Efficiency of nonmammographic detection as seen from
the cumulative distribution of the sizes of the never-screened
breast cancers (top), together with the distribution of the sizes of
never-screened breast cancers (bottom).
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mammogram and then compare these with the actual
number of tumors found at screening (first-screen–
detected cancers and subsequent-screen–detected can-
cers). From such calculations, it could be seen that
5-mm tumors were found approximately 40% of the
time, whereas 7-mm tumors were found approximately
50% of the time, 10-mm tumors were found approxi-
mately 70% of the time, and 15-mm tumors were found
approximately 80% of the time (Figure 3). Therefore,
the median size at which breast cancers become opera-
tionally detectable by screening mammography (median
Sm) is approximately 7 mm, with variability among pa-
tients around this median value (Figure 3). This distri-
bution is somewhat asymmetric (Figure 3), as can be
seen in the finding that, whereas the operational detect-
ability of breast cancer increases gradually from ap-
proximately 15% at 4 mm to approximately 75% de-

tection at 11 mm, detection then reaches a plateau of
approximately 80% detection for tumors of 12–22 mm.
The presence of this plateau suggests that there may be
a small subset of breast cancers (approximately 20%)
that may be particularly difficult to detect. Tumors
larger than 32 mm appear to be detected with an effi-
ciency rate close to 100%: although there were 11
screen-detected cancers that were larger than 32 mm, by
the method of back-calculation, there were no interven-
ing cancers or subsequent-screen–detected cancers that
would have been larger than 32 mm at the time of
screening.

The second method for estimating mammographic
operational detectability (the method of relative effi-
ciency of mammographic detection; equation 16, see
Appendix) was possible because the abundance of tu-
mors of various sizes conforms to a uniform distribution

Figure 2. Scatter-plot showing tu-
mor size versus time since the
previous negative mammogram
result for tumors found in women
with a history of screening. Also
shown are two expected growth
curves, one of which is for a tumor
that would have been 5 mm at the
time of the negative mammogram
result and the other of which
would have been 12 mm at the
time of the negative mammogram
result, based on a tumor doubling
time of 130 days. Tumors above
the light curve would have been 12
mm or larger, based on a tumor
doubling time of 130 days, when
they were missed at the time of
the previous negative mammo-
gram result, whereas tumors
above the wide gray curve would
have been 5 mm or larger.

Figure 3. Efficiency of mammographic detec-
tion, by tumor size, determined by estimating
the numbers of tumors found at screening, as-
suming a mean tumor doubling time of 130
days with various standard deviations. These
calculations rely on the measurement of a me-
dian tumor doubling time of 130 days, as de-
scribed elsewhere in this issue.7 Of course,
there is a distribution of doubling times reflect-
ing the tumor-to-tumor variability in growth
rate. To determine the effect the growth rate
distribution has on the calculations of opera-
tional detectability, we repeated these calcu-
lations for hypothetical distributions with stan-
dard deviations ranging from 1 day to 300
days. Reassuringly, even high degrees of tu-
mor-to-tumor variation in growth rate were
found to have little effect on the measure-
ments of the efficiency of mammographic de-
tection made by this method.
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by the Log of tumor size, a theoretical possibility (equa-
tion 3, see Appendix) that is confirmed empirically by
the linearity of the cumulative distribution of the Log of
tumor sizes of the cancers seen at screening (Figure 4).
This uniform distribution by the Log of tumor size
makes it possible to measure the efficiency with which
mammography detects tumors of one size relative to the
detection of tumors of another size. We used the group
of tumors 12–22 mm in size as our reference group for
these comparisons because, for reasons shown previ-
ously, it appears that these tumors are detected with an
efficiency rate of approximately 80%. With equation
16, it appears that mammography detects tumors of 1,
2, and 3 mm with an efficiency rate of less than 5% (in
comparison to the detection of the tumors of 12 mm to
22 mm), whereas 4-mm tumors are detected with a rela-
tive efficiency rate of approximately 20%, 7.5-mm tu-
mors are detected with a relative efficiency rate of ap-
proximately 50%, and 10-mm tumors are detected with
a relative efficiency rate of approximately 80% (Figure
5). Therefore, by the method of relative efficiency of
mammographic detection, the median value for Sm

would appear to be approximately 7.5 mm (Figure 5), in
close agreement with the 7-mm value estimated by the
method of absolute efficiency described in the previous
paragraph.

With use of the method of relative efficiency (equa-
tion 16), the mammographic operational detectability of
breast cancer was found to be affected by the breast’s
radiographic tissue density and mildly affected by the
patient’s age. By visual inspection, it is clear that there
are more small tumors in the population of women with
breasts of intermediate density (ACR code 3) than in the
population of women with breasts of high density (ACR
code 4), and there are even more in women with breasts
of the lowest density (ACR codes 1 and 2) (Figure 6).
The statistical validity of this impression is confirmed by
analysis of variance, indicating a P value <0.05. With
use of the method of equation 16 outlined earlier, we
found that the median value of Sm for women with the

most transparent density was approximately 7 mm
(ACR codes 1 and 2), whereas the median value of Sm

for women with intermediate density (ACR code 3) was
approximately 10 mm and the median value of Sm for
women with the most opaque density (ACR code 4) was
approximately 12 mm (Figures 6). Conversely, it ap-
pears that the relative abundance of small tumors may
increase as women age, although the effect is much less
pronounced than that seen in the comparison of women
with different radiographic tissue densities (Figure 7).
Indeed, none of the comparisons of cumulative size dis-
tributions of the tumors in women of various ages in-
creased to the level of statistical significance. This is also
reflected in the results from the use of equation 16 to
estimate relative efficiencies of detection for women of
various ages; for example, the value of Sm was 9 mm for
women in the bottom 15% of the screening population
in terms of age (range, 33–49 years; median age, 46
years), whereas the value of Sm was 7 mm for women in
the top 65% of the screening population in terms of age
(range, 60–92 years; median age, 70 years). Both these
values are considerably lower than the median size of
the tumors operationally detectable in the absence of
mammography (median Sp of approximately 15 mm),
suggesting that all populations of women are likely to
benefit from mammography, regardless of age.

� DISCUSSION

Although mammography is widely used to find breast
cancers at earlier stages, there has not been a clear un-
derstanding, in quantitative terms, of the sizes at which
these tumors can be found by screening, nor of the sizes
that will emerge if screening is not employed. To make
such estimates of mammographic and nonmammo-
graphic operational detectability, we have had to de-
velop new methods. With these new methods, we have
found that the median value for Sp (the size at which
breast cancers become operationally detectable in the
absence of screening) is approximately 15 mm, whereas

Figure 4. Cumulative size distribu-
t ion of subsequent-screen–
detected cancers, displayed by
the Log of tumor size. Linear re-
gression of data points for tumors
12–22 mm are shown. Tumors 12–
22 mm are shown in open circles,
all others are shown in closed
circles.
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the median value for Sm (the size at which breast cancers
become operationally detectable by screening mammog-
raphy) is approximately 7 mm. Both of these median
values are surrounded by distributions that appear to be
roughly symmetric for clinical detection and asymmetric
for mammographic detection. These size-specific esti-
mates of the efficiency of breast cancer detection are, to
our knowledge, the first such estimates to have been
made.

The method of absolute mammographic operational
detectability provided information not only on the effi-
ciency of detection, but also on the numbers of cancers
of various sizes that are not found at screening. These
findings were very encouraging; they indicated that rela-
tively few invasive breast cancers larger than 10 mm are
missed at mammography. Therefore, it appears that,
whereas 5-mm tumors are probably found only ap-
proximately 35% of the time and 7-mm tumors are

Figure 5. Efficiency of mammo-
graphic detection (relative to tu-
mors of 1.2–2.2 cm) for women
screened at MGH. Individual val-
ues for groups of tumors (1 mm to
20 mm in diameter, in 1-mm incre-
ments) are shown (black dots) and
a smoothed running average (av-
erage of five adjacent values,
black line) of these data is also
shown. Note that the estimated
efficiency for all tumors in the
range of 12–22 mm is set at 100%
by definition, but the natural scat-
ter of the individual values in this
region makes it appear as if some
sizes are slightly over this 100%
value and tumors of other sizes
are slightly under this 100% value.

Figure 6. Cumulative size distribution of subsequent-screen–detected
cancers 22 mm and smaller, displayed by the Log of tumor size, for
women with breasts of various radiographic tissue densities. Linear
regression of data points for tumors 12–22 mm are shown. Tumors
12–22 mm are shown in open circles, all others are shown in closed
circles.
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found approximately 50% of the time, 10-mm tumors
are found approximately 65% of the time and 15-mm
tumors are found approximately 80% of the time. Tu-
mors larger than 30 mm appear almost never to be
missed. Indeed, tumors larger than 32 mm appear to be
detected with efficiency rates close to 100%: there were
11 cancers larger than 32 mm detected by screening in
our data set and, by the method of back-calculation,
there were no tumors that would have been larger than
32 mm at the time of screening.

The new methods described herein allowed us to
quantify the degree to which mammographic opera-
tional detectability differs between women with differ-
ent characteristics. Therefore, mammography is capable
of detecting invasive breast cancers at smaller sizes in
women with radiolucent breasts than in women with
radiodense breasts and may be capable of detecting in-
vasive breast cancers at slightly smaller sizes in older
women than in younger women. However, among
women of all ages and all radiographic tissue densities,
the mean and median tumor sizes that are operationally
detectable by mammography are less than would be
seen in the absence of screening (never-screened can-
cers). This suggests that all populations of women, re-
gardless of age or radiographic tissue density, should
benefit from mammographic screening, although the de-
gree of benefit may vary.

� APPENDIX

The following is the method for estimating the efficiency
with which breast cancers are detected in the absence of
screening mammography.

Because nonmammographically detected cancers are
generally found by a process of continuous self-
surveillance, the distribution of the sizes of the tumors
found among women in the absence of screening di-
rectly reflects the nonmammographic operational de-
tectability of breast cancer. The practical way to extract

such an estimate of the nonmammographically opera-
tional detectability of breast cancer is to assemble a cu-
mulative distribution of the tumors found in women in
who have never underwent a mammogram; i.e., the
never-screened cancers. Such a cumulative distribution
can be made by assembling these cancers from the small-
est tumor to the largest and determining to which per-
centile each tumor belongs. The distribution of the
never-screened cancers was found to be fairly constant
when comparing women of different radiographic tissue
densities and ages, except that there were fewer tumors
larger than 25 mm in women 50–69 years of age.8 The
latter point has only a minor effect on the overall cu-
mulative distribution of these tumors (not shown).

The following is the method for estimating the rela-
tive efficiency with which mammography detects can-
cer, from data on the sizes of the tumors found at
screening.

There is abundant evidence that, over the range of
sizes for which most tumors are seen (approximately 1
mm to 2 cm), invasive breast cancer growth is roughly
exponential,8–15 and therefore the relationship between
the number of cells in a tumor (N) and time (t) can be
expressed as:

1. N = NOe(rt)

where N = the number of cells in the tumor at time t and
NO = the number of cells in the tumor at time t = 0.

It is often useful to describe growth in terms of dou-
bling time (tD), which can be derived from equation 1 as:

2. tD = ln(2) / r

Note that r is inversely related to the doubling time:

3. r = ln(2) / tD

By taking the natural logarithm of both sides of equa-
tion 1, we can see that this expression is equivalent to:

Figure 7. Cumulative size distribu-
tion of subsequent-screen–de-
tected cancers, displayed by the
Log of tumor size, for women of
various ages.
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4. ln(N) = rt + ln(NO)

It follows from equations 1 and 3 that the time that it
takes for a tumor to grow from size NO to size N is:

5. t = [ln(N / N0)] / r

Now, let us consider a group of k cancers, present
within a population of women at time t = 0. Let us
assign each of these cancers an index number c, arrang-
ing them from smallest (N1 for c = 1) to largest (Nk for
c = k). From equation 5, we can see that the time needed
for tumor k to grow from size N1 to Nk, or t1-k, is:

6. t1-k = [ln(N1 / Nk)] / r

and

7. r = [ln(N1 / Nk)] / t1-k

Whereas tumor k would have been size N1 at time t
= −t1-k, all other tumors in our group would have been
smaller than size N1 at time t = −t1-k. However, all these
tumors would have reached size N1 sometime between
time t = −t1-k and time t = 0. Because we may expect that
these k tumors would have arisen at a regular rate, we
may assume that they passed through size N1 one after
another, separated by approximately (1 / k) × (t1-k) units
of time. Therefore, it is a reasonable approximation to
consider that tumor c = 1 passed through size N1 at
approximately time t = −(1 / k) × (t1-k), that tumor c = 2
passed through size N1 at approximately time t = −(2 /
k) × (t1-k), that tumor c = 3 passed through size N1 at
approximately time t = −(3 / k) × (t1-k), and so on, until
tumor c = k passed through size N1 at approximately
time t = −(k / k) × (t1-k) = −t1-k. Therefore, it follows that
the time t1-c that it took each tumor c to grow from size
N1 to size Nc was:

8. t1-c = c / k(t1-k)

Substituting equation 8 into equation 4 yields:

9. ln(Nc) = r (c / k(t1-k)) + ln(N1)

Substituting the value of r from equation 7 into equation
6 yields:

10. ln(Nc) = ([ln(N1 / Nk)] / t1-k) (c / k(t1-k)) + ln(N1)

Canceling out redundant values yields:

11. ln(Nc) = ([ln(N1 / Nk)]) (c / k) + ln(N1)

And rearranging yields:

12. c = k × ln(Nc / N1) / ln(N1 / Nk)

Now, let us consider the number of tumors that we
should expect between two sizes, Nc1 and Nc2. Let us
call the number of invasive breast cancers between these
two sizes Bc1 − c2. It follows that Bc1 − c2 should equal
c1 − c2. Therefore, building on equation 12:

13. Bc1-c2 = [k × ln(Nc1 / N1) / (ln(N1 / Nk))]
− [k × ln(Nc2 / N1) / (ln(N1 / Nk))]

And rearranging yields:

14. Bc1-c2 = [k / ln(N1 / Nk)] × ln(Nc1 / Nc2)

Therefore, we have arrived at a method to calculate
Bc1 − c2, the number of cancers expected between any
two sizes (Nc1 and Nc2) based on the abundance (k) of
tumors lying between any two other sizes (N1 and Nk).

Until this point, we have considered the case in which
all tumors in the population have the same growth con-
stant, r. However, it may be more realistic to consider
the case in which there are a variety of growth rates
among the tumors in the population. Note from equa-
tion 14 that the number of cancers (Bc1 − c2) between
any two sizes (Nc1 and Nc2) will be independent of the
value of r and dependent only on the two sizes in ques-
tion (Nc1 and Nc2), the sizes of the tumors in the refer-
ence group (N1and Nk), and the number of cancers in
the reference group (k). Therefore, equation 14 will
yield the same number of cancers between any two sizes
(Bc1-c2) regardless of whether the population has a single
growth constant, r, or a variety of growth rates.

Let us define Em as the relative efficiency with which
mammography detects cancer. It is now possible to use
equation 14 to estimate the predicted cancers between
any two sizes Nc1 and Nc2 and to compare these ex-
pected numbers of cancers with the actual number of
cancers of these sizes, which we shall call Mc1 − c2. In
this way, we have arrived at a way to estimate the rela-
tive efficiency with which mammography detects can-
cer:

15. Em = Mc1-c2 / Bc1-c2 = Mc1-c2 / ([k / (ln(N1/ Nk))]
× (ln(Nc1 / Nc2)))

Finally, note that, because this expression used the
natural logarithm of the ratio of the tumor sizes, equa-
tion 15 can be carried out with the number of cells in the
tumors (N1 / Nk, Nc1 / Nc2) or with the tumor diameters
(S1 / Sk, Sc1 / Sc2).

16. Em = Mc1-c2 / Bc1-c2 = Mc1-c2 / ([k / (ln(S1 / Sk))]
× (ln(Sc1 / Sc2)))

The general validity of thinking that led to equation
16 can be confirmed empirically. To test this, equation
12 can be rearranged to see the relationship between the
number of cancers, c, and the tumors size, Sc:

17. c = q × ln(Sc) − W

where q = k / (ln(S1 / Sk) and W = ln(S1) × k / ln(S1/Sk).
Note that equation 17 indicates that the relationship

between the number of tumors found (c) and the Log of
tumor size (Nc) should be linear, and this provides a
way to test the general validity of this approach for
estimating the efficiency of mammographic detection.

The following is the method for estimating the abso-
lute efficiency with which mammography detects can-
cer, from data on the sizes of the tumors not found at
screening.

In addition to the method described for estimating

Breast Cancer Size Estimates for Mammography • Michaelson et al 9



the relative efficiency of mammographic detection with
information on the cancers found at screening, it is also
possible to measure the absolute efficiency of mammo-
graphic detection with information on the cancers not
found at screening (subsequent-screen–detected and in-
tervening cancers). This can be accomplished with in-
formation on tumor size at the time of detection (DD)
and time since the previous negative mammogram result
for those tumors found in women with a history of
screening (tP) (Figure 4), together with information on
the breast cancer doubling time (tD, which we have
found to be 130 days, as described elsewhere in this
issue of the Journal of Women’s Imaging7). The esti-
mated tumor size at the time of the previous mammog-
raphy procedure (DS) can then be calculated with the
expression:

18. DS = [(DD^3) / e^({(ln(2) / tDapprox} × tP)]^0.33

To estimate the absolute efficiency of mammographic
detection, the estimated size at the time of the previous
negative mammogram result was determined with use of
equation 18 for each subsequent-screen–detected and
intervening cancer, and the number of missed cancers of
each size was compared to the number of cancers of
each size found at screening (subsequent-screen–
detected and first-screen–detected cancers). Such esti-
mates could be made for cases in which there is but a
single tumor doubling time and for cases in which there
are a variety of doubling times with a defined standard
deviation.

The following is the method for estimating the dis-
tributions of values of Sm and Sp from data on the effi-
ciency of mammographic and nonmammographic de-
tection.

It is useful to describe tumor growth in terms of the
sojourn time (tS), the time it takes for tumors to grow
from size Sm (the size at which an individual invasive
breast cancer will become operationally detectable by
mammography) to size Sp (the size at which an indi-
vidual invasive breast cancer will become operationally
detectable in the absence of mammography). By conven-
tion, Sm and Sp will be referred to by the tumor diam-
eter. Let us call the number of cells in tumors of sizes Sm

and Sp, Nm, and Np. Therefore, from equation 3, it
follows that, for the simple case in which we approxi-
mate tumor detection with discrete values of Sm and Sp:

19. tS = [ln(Np / Nm)] / r

In addition, because, as we shall see, Sm and Sp are
distributions of values, it is possible to estimate the dis-
tribution of the sojourn time by permuting the distribu-
tions of Sm and Sp.
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