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Abstract: The aim was to evaluate how the inter-screening interval affected the performance of
screening by mammographic appearances. This was a Swedish retrospective screening cohort
study with information on screening history and mammography features in two periods (1977–1985
and 1996–2010). The pre-clinical incidence and the mean sojourn time (MST) for small breast
cancer allowing for sensitivity by mammographic appearances were estimated. The percentage
of interval cancer against background incidence (I/E ratio) was used to assess the performance
of mammography screening by different inter-screening intervals. The sensitivity-adjusted MSTs
(in years) were heterogeneous with mammographic features, being longer for powdery and crushed
stone-like calcifications (4.26, (95% CI, 3.50–5.26)) and stellate masses (3.76, (95% CI, 3.15–4.53))
but shorter for circular masses (2.65, (95% CI, 2.06–3.55)) in 1996–2010. The similar trends, albeit
longer MSTs, were also noted in 1977–1985. The I/E ratios for the stellate type were 23% and 32%
for biennial and triennial screening, respectively. The corresponding figures were 32% and 43% for
the circular type and 21% and 29% for powdery and crushed stone-like calcifications, respectively.
Mammography-featured progressions of small invasive breast cancer provides a new insight into
personalized quality assurance, surveillance, treatment and therapy of early-detected breast cancer.
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1. Introduction

Breast cancer can be detected in the pre-clinical detectable phase (PCDP) through an appropriate
screening modality such as mammography so as to lead to mortality reduction from breast cancer by
13–33% [1–4].

A number of previous studies have elucidated the temporal natural history of breast cancer, free of
breast cancer, PCDP, clinical phase (CP) [5–8] and the extended process with the incorporation of
tumor attributes such as node status [9–11] by modeling the average duration between PCDP and CP,
named as the mean sojourn time (MST) [6,12,13]. However, little is known about the temporal natural
history stratified by mammographic features that have been regarded as an independent predictor
for the prognosis of breast cancer [14,15]. Moreover, due to the widespread use of mammography
screening for breast cancer, elucidating the natural history of breast cancer by mammographic features
with emphasis on breast tumors less than 1–14 mm is of paramount importance [16–18]. The recently
proposed classification of breast cancer by the anatomic site of cancer origin also revealed the two
types of breast cancer, acinar adenocarcinoma of the breast (AAB) and ductal adenocarcinoma of the
breast (DAB) [19]. The origin of the former is derived from TDLU of acinar whereas the origin of
the latter is derived from the duct of breast. The AAB type, including the stellate type, the circular
type, the powdery type, and the crushed stone-like type, can be prevented by early detection through
mammography, but the latter had poor prognosis and may not be amenable to early detection through
screening [19,20]. Among AAB, the stellate type, the powdery type, and the crushed stone-like had
better prognosis than the circular type [19].

It is therefore interesting to estimate mammography-specific MST for breast tumors less than
1–14 mm, focusing on AAB only, before and after widespread use of mammography based on a large
population-based cohort data. These estimates of MST together with pre-clinical incidence rate of
cancer, making allowance for sensitivity, enable one to estimate the expected (background) incidence
(E) in the absence of screening in order to quantify the I/E ratio defined as the observed interval
cancer (I) as a percentage of the expected (E) given the inter-screening interval and the detectability of
mammography (sensitivity). The effect of the inter-screening interval and sensitivity on the I/E ratio
was simulated by various scenarios of two quantities in order to provide precision surveillance for
early detection of a small breast tumor.

2. Results

2.1. Natural History of Breast Cancers by Mammographic Features

The percentage of breast cancer cases by different mammographic features and tumor size for
each of the two periods is shown in Figure 1. The percentage of small breast tumor (<15 mm) in the
second period (1996–2010) was almost double of that in the latter period. Among these small tumors,
the percentage of powdery, crushed stone-like, casting and architectural distortion in the second period
was almost double compared to that in the first period.

The estimates of preclinical incidence rates, MST and sensitivity by mammographic appearances
for breast tumors of size smaller than 15 mm in diameter and for large tumors are shown in Figure 2.
The pre-clinical incidence rate (per 100,000) from PCDP to CP was the highest for the stellate masses,
followed by circular masses, and powdery and crushed stone-like calcifications in the first period.
It is also very interesting to note that the pre-clinical incidence rate for a small breast tumor in total
increased from the first period to second period by 26% whereas that for a large breast tumor was
reduced by 44%.

The MST was longest for the stellate masses, followed by the powdery and crushed stone-like
calcifications and the circular masses. The shorter MST for breast tumors larger than 15 mm was seen.
In the period between 1977 and 1985, the estimate of sensitivity was lower for stellate masses compared
with other types of small breast tumor, but it was even lower for breast tumors of size 15 mm or larger
as the cutoff of a large tumor here is not based on 2 cm or larger as defined in the conventional manner.
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Figure 1. Percentage of breast cancer cases by different mammographic features and tumor size in 
1977–1985 (n = 635) and 1996–2010 (n = 2204). The bar chart represents the percentage of different 
tumor size and the pie charts show the distribution of mammographic features among tumors smaller 
than 15 mm. 
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Figure 2. Mammography-featured natural history of breast cancers smaller than 15 mm and breast
cancers larger than 15 mm.

Figure 2 also shows the estimates of MST between 1996 and 2010 were shorter than those between
1977 and 1985 because the time horizon for CP was advanced due to the high awareness of women
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diagnosed as interval cancer or non-participants. However, the sensitivity was substantially improved
in the second period.

Figure 3a shows cumulative risk curves for the transition from PCDP to CP in the absence of
screening, for the three mammographic appearance types and for breast tumors larger than 15 mm
estimated from the first period. The risk of progressing to symptoms was the highest for tumors of size
15 mm or more. The circular masses had more rapid progression than two other types, the stellate
masses and the powdery and crushed stone-like calcifications.

Cancers 2020, 12, x 5 of 16 

 

 

(a) 

 

(b) 

Figure 3. Cumulative risk from PCDP to CP without early detection for three types of mammographic 
appearance with tumor size <15 mm and ≥15 mm among AAB breast tumor in the two periods. 
(a)1977–1985; (b)1996–2010. 

2.2. Empirical Estimates of I/E Ratio by Mammographic Features 

Using the parameters estimated from Figure 2 in the second period (1996–2010), Figure 3a (see 
the indicated points by arrows; the details of numerical values also see the bottom panel of Table 1) 
shows the percentages of I/E ratio for the stellate type were 23% and 32% for the biennial and triennial 
program, respectively. The corresponding figures were 32% and 43% for the circular type and 21% 
and 29% for powdery and crushed stone‐like calcifications. In spite of longer MSTs, the similar 
findings on the percentage of the I/E ratio were also noted in the first period (Figure 4b). 

  

 
 

Figure 3. Cumulative risk from PCDP to CP without early detection for three types of mammographic
appearance with tumor size <15 mm and ≥15 mm among AAB breast tumor in the two periods.
(a) 1977–1985; (b) 1996–2010.

Five-year cumulative risks of progression to symptomatic disease without early detection were
0.83 for stellate masses, 0.94 for circular masses, 0.85 for powdery and crushed stone-like calcifications
and 0.97 for tumor sizes of 15 mm or larger. The median time to CP was 1.69 years for stellate masses,
1.33 years for circular masses, and 1.63 years for powdery and crushed stone-like calcifications.

Figure 3b shows the cumulative risk curves for the transition from PCDP to symptomatic cancer
for size < 15 mm by mammographic features, and for size 15 mm or larger in the second period.
The estimates are similar to the figures for the first period but the risk of progression for the circular
type lower than that for the breast tumors of size 15 mm or larger were remarkably noted in the second
period between 1996 and 2010.

2.2. Empirical Estimates of I/E Ratio by Mammographic Features

Using the parameters estimated from Figure 2 in the second period (1996–2010), Figure 3a (see
the indicated points by arrows; the details of numerical values also see the bottom panel of Table 1)
shows the percentages of I/E ratio for the stellate type were 23% and 32% for the biennial and triennial
program, respectively. The corresponding figures were 32% and 43% for the circular type and 21% and
29% for powdery and crushed stone-like calcifications. In spite of longer MSTs, the similar findings on
the percentage of the I/E ratio were also noted in the first period (Figure 4b).

2.3. Interval Cancer of Different Mammographic Features by Inter-Screening Intervals and Sensitivity

Table 1 shows the simulated results for interval cancer incidence (I) as a percentage of the expected
incidence from the control group (E) and the estimates of (I/E) × 100% by mammographic appearances
in comparison with breast tumors larger than 15 mm in the two periods respectively. The longer the
inter-screening interval the higher the I/E ratio was. The higher the sensitivity, the lower the I/E ratio
(see Figure 4).
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The I/E ratios for the stellate masses and the powdery and crushed stone-like calcifications were
smaller compared with breast tumors of size 15 mm or larger, whereas the corresponding I/E ratios for
the circular type were similar to those for the largest tumors (larger than 15 mm). Note that the shorter
the inter-screening interval and the higher the sensitivity, the larger the reduction in interval cancers.
In the stellate masses, even when sensitivity was only 40%, a 46% reduction in proportional interval
cancer rates was observed for a triennial program and 76% for an annual program. A larger reduction of
92% for an annual program and 79% for a triennial program was estimated when sensitivity was 100%.
Similar findings with a lesser reduction were found for powdery and crushed stone-like calcifications.

Table 1. Simulated results with respect to proportional interval cancer incidence for breast cancer
varying with inter-screening interval and sensitivity.

Inter-Screening Sensitivity (%)
(IE Ratio × 100) %

Stellate Circular Powdery & Crushed Stone Size ≥ 15 mm

(a) 1977–1985

1 40 24 34 29 36
2 42 54 48 56
3 54 66 60 68

1 50 21 30 26 32
2 37 49 43 51
3 49 61 55 63

1 60 19 27 23 29
2 33 44 39 46
3 43 55 50 58

1 80 13 20 17 22
2 24 35 29 37
3 32 45 39 47

1 100 8 14 11 15
2 15 25 20 27
3 21 34 28 37

1 Estimated
sensitivity

12 15 12 26
2 22 27 22 42
3 31 37 30 53

(b) 1996–2010

1 40 31 38 29 45
2 51 59 48 65
3 63 70 61 76

1 50 28 35 26 41
2 46 54 43 61
3 58 65 55 71

1 60 25 31 23 37
2 41 49 39 56
3 52 60 50 67

1 80 19 24 17 29
2 32 39 29 46
3 42 50 39 57

1 100 12 17 11 21
2 22 30 20 37
3 31 40 28 48

1 Estimated
sensitivity

13 18 11 23
2 23 32 21 39
3 32 43 29 50
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Figure 4. Simulated results with respect to proportional interval cancer incidence for breast cancer
between 1977 and 1985 varying with inter-screening interval and sensitivity (arrows indicated the
estimated sensitivity in this study). (a) 1996–2010; (b) 1977–1985.

The I/E ratio was higher in the second than in the first period, as the mean sojourn time was
shorter in the second period. However, the trends in the second period regarding the association
between inter-screening interval and sensitivity were the same as in the first period. Compared with
breast tumors of size 15 mm or larger, the reduction in the I/E ratio was the greatest for powdery and
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crushed stone-like calcifications, and slightly lower for stellate masses. Both types showed larger
reductions than the circular masses. Note that the reduction in the I/E ratio for stellate masses in the
second period was smaller than that in the early period. Unlike the results in 1977–1985, the I/E ratios
for the circular type were smaller than those for breast tumors of size 15 mm or larger.

3. Discussion

This is the first study to quantify the temporal natural history of small breast cancers (1–14 mm)
by mammographic appearances using longitudinal follow-up data. These estimates of MST not only
grasped a better understanding of the heterogeneity of the biological properties of breast tumors but
also provided a new insight into precision screening policy and medical surveillance for breast tumors
with different appearances on mammographs.

Based on the estimates of MSTs, it reveals the heterogeneity of breast tumors by mammographic
appearance in biological growth rate. Breast tumors featured as stellate masses and powdery and the
crushed stone-like calcifications on the film of mammography have slow progressions compared to
circular masses. This is supported by the breast tumor growth displayed by the chronological order
of morphological findings on the mammogram. Figure 3 shows a radiological illustration of tumor
growth displayed on the mammograms identified, retrospectively, for the three types, showing slower
progression to symptomatic diagnosis.

Compared with the estimates of MST in the trial period (1977–1985), the corresponding
estimates in the service screening period (1996–2010) were similar for the powdery and crushed
stone-like calcification but shorter for stellate masses and for circular masses after adjustment for
mammography-featured sensitivity. These shorter sojourn times are not a consequence of more rapid
progression in the second period, but a reflection of greater awareness of women to seek medical care.
In the second period, it is also interesting to note that the estimated sensitivity was improved to 95% or
above regardless of mammographic appearance.

Information on the MST for each type of mammographic appearance can be used to predict the
risk of transition to symptomatic disease in the absence of early detection measures. For small breast
cancers, the circular masses had the most rapid progression and closer to that of breast cancers of
size 15 mm or larger (see Figure 3a). Such a finding provides information on medical consultation
when women were detected with breast cancer with different types of mammographic appearances.
In addition, knowing a specific type of mammographic appearance also provides guidance for the
future surveillance of women diagnosed with breast cancer, particularly small breast cancer [16,21,22].
If the tumor appears as a circular mass, a more intensive surveillance schedule is required, and further
biomarker tests might be required, with a view to providing a further individually tailored therapy.
In contrast, small breast cancers appearing as stellate masses or powdery and the crushed stone-like
calcifications could be less aggressively managed, in order to avoid overtreatment.

The findings specific to their mammographic features have the potential to inform decisions on
screening, treatment, and the follow-up of cancers. Since we cannot predict who is likely to develop
which mammographic type of cancer, it would seem prudent to design screening programs for the
most rapidly progressing circular masses. However, an individually-tailored inter-screening policy can
be made if a further study on the identification of genetic variants [23–25] and risk factors in association
with different types of mammographic features can be implemented. Treatment and surveillance of
those with diagnosed cancer, however, can be stratified according to the threat posed by the tumor,
as determined by mammographic appearance in addition to pathological findings.

Our study used Tabar’s classification of mammographic features, which categorized malignant
tumors, like the Breast Imaging Reporting and Data System (BI-RADS) [26] categories 4 (suspicious
abnormality) and 5 (highly suggestive of malignancy) and later with biopsy proven malignancy,
according to the morphology of mammography findings. This classification has also been correlated
with the BI-RADS descriptor as delineated in the section of data collection.
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Precision Screening Policy on Inter-Screening Interval and Sensitivity

The application of transition parameters and sensitivity from a three-state Markov model to
the simulation of different inter-screening intervals, and also the ability to detect early breast cancer
(sensitivity), provides a new insight into how to develop a precision screening policy. The importance
of early detection and treatment of the more rapidly progressing circular type would suggest a shorter
interval (since we cannot tell who will develop cancer by mammographic appearance). This in
turn would maintain a good outcome in terms of low interval cancer rates for stellate masses which
had lower sensitivity in the early period (Figure 2). Our simulation results based on the transition
parameters and sensitivity from the three-state Markov model give a clue to designing different
combinations of inter-screening intervals and sensitivity in order to optimize the benefits given limited
resources. This can be illustrated as follows.

If the criterion for proportional interval cancer incidence is to be less than 40%, then this could be
achieved with a two-year inter-screening interval given at least 80% sensitivity is anticipated. If the
criterion for the proportional interval cancer incidence is to be less than 30%, to achieve this for all
mammographic types would require near 100% sensitivity and a two-year inter-screening interval.
If 60–80% sensitivity is anticipated, annual screening would be required.

There are three limitations. First, as noted above, we cannot tell who will develop which type
of cancer, so we cannot stratify screening regimens to mammographic appearance. Nonetheless,
our finding provides a new insight into the development precision preventive model for the
identification of individual characteristics in relation to each own mammographic feature. Our model
cannot accommodate small breast cancers displaying several types by mammographic appearance
e.g., a stellate synchronous with a circular. The models presented here were stratified by tumor
size. For the second period, however, we were able to model simultaneous progression by size
as well as symptomatic status. This will be the subject of a separate communication. Finally,
our mammographic-feature-specific natural history model has not included ductal adenocarcinoma of
the breast (DAB) and the casting-type calcifications and architectural distortions which are characteristic
of DAB. How to incorporate DAB to complete the estimation of mammographic feature-specific breast
cancer natural history is the subject of ongoing research.

Third, modern histopathological types as well as molecular subtypes of tumors have been proven
to be associated with different mammographic features. Our previous study has already demonstrated
their roles in initiators of breast cancer and promoters to cancer progression [27,28], it is of paramount
importance to incorporate such information into multi-state disease natural history to enrich precision
science on the prevention of breast cancer. However, the current study is meant to compare the disease
natural history of small breast tumors by mammographic appearances between the trial period and the
service period. Two reasons preclude us from adding such information to the disease natural history
of breast cancer. First, there is a lack of information on the emerging molecular classification in the
first trial period (1977–1985). The comparison of these phenotypes between two periods would not be
possible. Second, as we focus on the disease natural history of small breast cancers rather than all breast
cancers, large samples are, therefore, required if these new phenotypes are further considered. In a
similar manner, the current study is also limited to allow for the incorporation of new mammographic
techniques and alternative imaging techniques, which have also been tested as screening tools,
such as tomosynthesis [29–33], contrast enhanced spectral mammography (CESM) [34,35], magnetic
resonance imaging (MRI) [36,37], ultrasound [37,38] and also fully automated support systems and AI
systems [39,40]. In spite of the lack of such information, we believe the expedient use of fully automated
systems such as computer-aided systems may yield sensitivity as favorable as that operated by the top
radiologist (Tabar Laszlo), one of the co-authors, in the second period when such a fully automated
system is still immature. This is particularly true for the incorporation of artificial intelligence (AI)
with machine learning [34,40] to provide a grand breakthrough. Hence, doing so may alleviate the
burden of manpower on well-trained radiologists when a mass service screening program is involved.
Our proposed novel model on multi-state disease natural history by mammographic features is easily



Cancers 2020, 12, 1855 9 of 14

adapted to incorporate such new information to elucidate their roles in precision prevention of breast
cancer in the future.

4. Materials and Methods

4.1. Study Framework and Design

The conceptual study framework used here is diagrammed in Figure 5 to elucidate how
mammographic appearances (main independent variables), one of imaging phenotypes of breast
tumors, are related to three main outcomes (the bottom panel of Figure 5): the pre-clinical incidence rate
of cancer, the progression rate from PCDP to CP and the sensitivity by mammographic appearances
for 1–14 mm tumors. The former two outcomes represent the natural disease progression of breast
cancer in the absence of screening. The third outcome of sensitivity is related to the detectability
of mammography. The estimates of the three outcomes rely on information on detection modes
(the right column of Figure 5). Three outcomes were also considered for the progression of large
tumors (15 mm or larger) without being stratified by tumor appearances because once a tumor
becomes larger, mammographic appearances are not of great interest in our study. The estimates of the
progression rate from PCDP to CP and sensitivity yield the sensitivity-adjusted MST of mammography
by mammographic appearance and tumor size. Pre-clinical incidence and sensitivity-adjusted MSTs
were used to compute the expected incidence rate in the absence of screening. This is the denominator
of interval cancer as a percentage of the expected incidence rate (I/E) ratio. This parameter is the main
indicator for the evaluation of the effect of the inter-screening interval and sensitivity.Cancers 2020, 12, x 11 of 16 
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We further used a simulated randomized controlled design to investigate the impact of the
inter-screening interval and sensitivity given a study population on women aged 40 years and older
randomly allocated to four arms, annual regime, biennial regime, triennial regime and no screening.
Each screening regime was simulated to have heterogeneous ability to detect breast cancer depending
on the mammographic appearance, tumor size, use of screening modalities and operator’s performance.
The percentage of the I/E ratio was adopted as an outcome to assess the effect of the inter-screening
interval in combination with the sensitivity on the performance of the screening.

4.2. Study Subjects

Study subjects were derived from the retrospective cohort pertaining to breast cancer screening in
Dalarna County, Sweden in two periods: the first period in the era of trial (1977–1985) and the second
period (1996–2010) in the era of service. Study subjects in the early period were composed of women
who were invited to a population-based randomized controlled trial on breast cancer screening with
mammography in Dalarna (formerly called Kopparberg), one of the Swedish Two-County Trial between
1977 and 1985. The details of the design of this trial (called the Dalarna trial hereafter) have been
described in full elsewhere [41]. In brief, women aged 40–74 years or older were randomized to two
arms, the invited and the uninvited with and without single-view mammography. The inter-screening
interval was 24-months for those aged 40–49 years and 33 months for women aged 50 years or more.
Mammograms were retrieved and mammographic appearances were classified for 251 cancers of size
less than 15 mm and 384 cancers of size larger than 15 mm.

After the trial period, the nationwide mammography screening for breast cancer in Sweden with
two-view mammography and an inter-screening interval ranging from 18 months to 3 years for women
aged 40 years and older was launched in Sweden. However, as mammography service screening had
been offered after 1986, information on mammographic appearance had been recorded in medical
charts but not in electronic form until 1996. Information on mammographic appearance on 2204 tumors
of all sizes from 1996 to 2010 was, therefore, available for the following analysis. This study was
approved by the Ethical Committee of Taipei Medical University (TMU-JIRB No.: N201607008).

4.3. Data Collection

To estimate the parameters of interest, we collected information including the date of diagnosis,
detection mode and mammographic appearance. The mammographic appearance was classified in
light of Tabar’s categories [14,42] as shown in Figure 6, including stellate, circular, powdery, crushed
stone-like, casting and architecture distortion. As a matter of fact, the Tabar classification and the widely
used BI-RADS system are commensurate. However, as the former has been long used in Falun Central
Hospital, Sweden, since 1977 where data from both the trial period and the service period were collected,
we retained the language of Tabar’s classification throughout the text. Nonetheless, the corresponding
morphologic descriptors for mass, margin, calcifications and distribution between two classifications
have been provided here without the loss of generality. A speculate tumor mass without associated
calcifications was classified as a stellate mass (BI-RADS: irregular shaped mass with speculated margin).
A round or oval-shaped mass was classified as circular (BI-RADS: oval or round shaped mass with
circumscribed margin). On the other hand, a tumor mass with associated amorphous, non-casting
type calcifications was classified as “powdery”, and a mass with granular-shaped calcifications
was classified as “crushed stone-like” type (BI-RADS: pleomorphic-heterogeneous-granular-type or
amorphous-indistinct-type calcifications). Other appearances such as casting calcifications (BI-RADS:
fine linear branching or casting calcifications) and architecture distortion (the same as BI-RADS) are
characteristic of DAB, both of which are not our interest in this study.



Cancers 2020, 12, 1855 11 of 14

Cancers 2020, 12, x 12 of 16 

 

4.3. Data Collection 

To estimate the parameters of interest, we collected information including the date of diagnosis, 
detection mode and mammographic appearance. The mammographic appearance was classified in 
light of Tabar’s categories [14,42] as shown in Figure 6, including stellate, circular, powdery, crushed 
stone‐like, casting and architecture distortion. As a matter of fact, the Tabar classification and the 
widely used BI‐RADS system are commensurate. However, as the former has been long used in Falun 
Central Hospital, Sweden, since 1977 where data from both the trial period and the service period 
were collected, we retained the language of Tabar’s classification throughout the text. Nonetheless, 
the corresponding morphologic descriptors for mass, margin, calcifications and distribution between 
two classifications have been provided here without the loss of generality. A speculate tumor mass 
without associated calcifications was classified as a stellate mass (BI‐RADS: irregular shaped mass 
with speculated margin). A round or oval‐shaped mass was classified as circular (BI‐RADS: oval or 
round shaped mass with circumscribed margin). On the other hand, a tumor mass with associated 
amorphous, non‐casting type calcifications was classified as “powdery”, and a mass with granular‐
shaped calcifications was classified as “crushed stone‐like” type (BI‐RADS: pleomorphic‐
heterogeneous‐granular‐type or amorphous‐indistinct‐type calcifications). Other appearances such 
as casting calcifications (BI‐RADS: fine linear branching or casting calcifications) and architecture 
distortion (the same as BI‐RADS) are characteristic of DAB, both of which are not our interest in this 
study. 

Interval cancers are composed of two types: newly diagnosed cancers from the time since the 
last negative screen and false negative cases missed at the last screen. Therefore, interval cancers 
together with screen‐detected cancers are informative not only on the transition from PCDP to 
symptomatic disease but also on the sensitivity of mammography as shown in Figure 6. 

 
(a) 

 
(b) (c) 

 
(d) (e) 

 
(f) 

Figure 6. Types of mammographic appearance including Stellate, Circular, Powdery, Casting, 
Crushed stone‐like and Architecture distortion. (a) Stellate; (b) Circular; (c) Powdery; (d) Crushed 
stone‐like; (e) Casting; (f) Architecture distortion. 

  

Figure 6. Types of mammographic appearance including Stellate, Circular, Powdery, Casting, Crushed
stone-like and Architecture distortion. (a) Stellate; (b) Circular; (c) Powdery; (d) Crushed stone-like;
(e) Casting; (f) Architecture distortion.

Interval cancers are composed of two types: newly diagnosed cancers from the time since the last
negative screen and false negative cases missed at the last screen. Therefore, interval cancers together
with screen-detected cancers are informative not only on the transition from PCDP to symptomatic
disease but also on the sensitivity of mammography as shown in Figure 6.

4.4. Statistical Analysis

We applied a three-state Markov exponential regression model that has been used
previously [4,5,9,10,12,21,43,44] to incorporate mammographic appearance as a covariate with two
proportional hazards regression forms to estimate the pre-clinical incidence rate and the transition rate
from the PCDP to symptomatic breast cancer by mammographic appearance. Our primary interest was
in the natural history of breast tumors smaller than 1–14 mm by mammographic appearance; therefore,
the transition rates for breast tumors larger than 15 mm were estimated without being stratified by
mammographic appearance. The estimates of sensitivity by each mammographic appearance for
1–14 breast tumors and for all breast tumors larger than 15 mm were estimated. For the likelihood
functions for estimating the transition parameters and their 95% confidence intervals, we applied the
Bayesian Monte Carlo Markov Chain (MCMC) to producing posterior distributions for estimating the
transition parameters and sensitivity using the WinBUGs program [45,46].

5. Conclusions

Elucidating the natural history of small breast tumors in the two periods revealed a decreasing
trend of incidence on larger tumors but an increasing trend of incidence on small breast tumors and
also shorter sojourn times in the second period that are a reflection of greater awareness of women.
Among breast tumors by mammographic features, circular masses were the most rapid in progression
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and powdery and crushed stone-like were the slowest in progression. These findings not only reveal
the heterogeneity of biological breast tumor growth but also provide a new insight into precision
screening policy and medical surveillance for these early-detected small breast cancers.

Author Contributions: Conceptualization, S.Y.-H.C. and H.-H.C.; Data curation, L.T.; Formal analysis, R.W.-J.C.
and S.-L.C.; Funding acquisition, R.A.S. and S.W.D.; Investigation, C.-Y.H., S.L.-S.C. and J.C.-Y.F.; Methodology,
S.-L.C., A.M.-F.Y. and W.Y.-Y.W.; Project administration, L.T.; Resources, L.T.; Software, R.W.-J.C. and S.-L.C.;
Supervision, H.-H.C.; Validation, C.-Y.H., S.L.-S.C. and J.C.-Y.F.; Writing—Original draft, R.W.-J.C. and S.-L.C.;
Writing—Review & editing, S.Y.-H.C. and H.-H.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Ministry of Science and Technology (grant number MOST
108-2118-M-002-002-MY3; MOST 107-3017-F-002-003; NSC 102-2314-B-182-028-MY3), the Innovation and Policy
Center for Population Health and Sustainable Environment (Population Health Research Center, PHRC) from
Featured Areas Research Center Program within the framework of the Higher Education Sprout Project by the
Ministry of Education (MOE) in Taiwan (grant number NTU-107L9003), and partly support from Chang Gung
Research Fund (BMRP-B81).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chen, T.; Yen, A.; Fann, J.; Gordon, P.; Chen, S.; Chiu, S.; Hsu, C.-Y.; Chang, K.-J.; Lee, W.-C.; Yeoh, K.; et al.
Clarifying the debate on population-based screening for breast cancer with mammography: A systematic
review of randomized controlled trials on mammography with Bayesian meta-analysis and causal model.
Medicine 2017, 96, e5684. [CrossRef] [PubMed]

2. Independent UK Panel on Breast Cancer Screening. The benefits and harms of breast cancer screening:
An independent review. Lancet 2012, 380, 1778–1786. [CrossRef]

3. Dibden, A.; Offman, J.; Duffy, S.W.; Gabe, R. Worldwide review and meta-analysis of cohort studies measuring
the effect of mammography screening programmes on incidence-based breast cancer mortality. Cancers (Basel)
2020, 12, 976. [CrossRef]

4. Chen, H.H.; Thurfjell, E.; Duffy, S.W.; Tabar, L. Evaluation by markov chain models of a non-randomised
breast cancer screening programme in women aged under 50 years in Sweden. J. Epidemiol. Community Health
1998, 52, 329–335. [CrossRef]

5. Chen, H.H.; Duffy, S.W.; Tabar, L. A markov chain method to estimate the tumour progression rate from
Preclinical to Clinical phase, sensitivity and positive Predictive value for mammography in breast cancer
screening. Statistician 1996, 45. [CrossRef]

6. Zelen, M.; Feinleib, M. On the Theory of Screening for Chronic Diseases. Biometrika 1969, 56, 601–614.
[CrossRef]

7. Day, N.E.; Walter, S.D. Simplified models of screening for chronic disease: Estimation procedures from mass
screening programmes. Biometrics 1984, 40, 1–14. [CrossRef]

8. Duffy, S.W.; Chen, H.H.; Tabar, L.; Day, N.E. Estimation of mean sojourn time in breast cancer screening using
a Markov chain model of both entry to and exit from the preclinical detectable phase. Stat. Med. 1995, 14,
1531–1543. [CrossRef]

9. Chen, H.H.; Duffy, S.W.; Day, N.E. Markov chain models for progression of breast cancer. Part I: Tumour
attributes and the preclinical screen-detectable phase. J. Epidemiol. Biostat. 1997, 2, 9–23.

10. Chen, T.H.; Kuo, H.S.; Yen, M.F.; Lai, M.S.; Tabar, L.; Duffy, S.W. Estimation of sojourn time in chronic disease
screening without data on interval cases. Biometrics 2000, 56, 167–172. [CrossRef]

11. Chen, H.-H.; Yen, A.M.-F.; Tabár, L. A stochastic model for calibrating the survival benefit of screen-detected
cancers. J. Am. Stat. Assoc. 2012, 107, 1339–1359. [CrossRef]

12. Wu, J.C.; Hakama, M.; Anttila, A.; Yen, A.M.; Malila, N.; Sarkeala, T.; Auvinen, A.; Chiu, S.Y.; Chen, H.H.
Estimation of natural history parameters of breast cancer based on non-randomized organized screening
data: Subsidiary analysis of effects of inter-screening interval, sensitivity, and attendance rate on reduction
of advanced cancer. Breast Cancer Res. Treat. 2010, 122, 553–566. [CrossRef]

13. Chen, H.H.; Tabar, L.; Fagerberg, G.; Duffy, S.W. Effect of breast cancer screening after age 65. J. Med. Screen.
1995, 2, 10–14. [CrossRef]

http://dx.doi.org/10.1097/MD.0000000000005684
http://www.ncbi.nlm.nih.gov/pubmed/28099330
http://dx.doi.org/10.1016/S0140-6736(12)61611-0
http://dx.doi.org/10.3390/cancers12040976
http://dx.doi.org/10.1136/jech.52.5.329
http://dx.doi.org/10.2307/2988469
http://dx.doi.org/10.1093/biomet/56.3.601
http://dx.doi.org/10.2307/2530739
http://dx.doi.org/10.1002/sim.4780141404
http://dx.doi.org/10.1111/j.0006-341X.2000.00167.x
http://dx.doi.org/10.1080/01621459.2012.716335
http://dx.doi.org/10.1007/s10549-009-0701-x
http://dx.doi.org/10.1177/096914139500200104


Cancers 2020, 12, 1855 13 of 14

14. Tabár, L.; Chen, H.H.; Duffy, S.W.; Yen, M.F.; Chiang, C.F.; Dean, P.B.; Smith, R.A. A novel method
for prediction of long-term outcome of women with T1a, T1b, and 10-14 mm invasive breast cancers:
A prospective study. Lancet 2000, 355, 429–433. [CrossRef]

15. Tabar, L.; Chen, H.H.; Yen, M.F.A.; Tot, T.; Tung, T.H.; Chen, L.S.; Chiu, Y.H.; Duffy, S.W.; Smith, R.A.
Mammographic tumor features can predict long-term outcomes reliably in women with 1–14-mm invasive
breast carcinoma. Cancer 2004, 101, 1745–1759. [CrossRef]

16. Wu, W.Y.-Y.; Tabar, L.; Tot, T.; Fann, C.-Y.; Yen, A.M.-F.; Chen, S.L.-S.; Chiu, S.Y.-H.; Ku, M.M.-S.; Hsu, C.-Y.;
Beckmann, K.R.; et al. Imaging biomarkers as predictors for breast cancer death. J. Oncol. 2019, 2019, 2087983.
[CrossRef]

17. Tabár, L.; Dean, P. A New Era in the Diagnosis and treatment of breast cancer. Breast J. 2010, 16, S2–S4.
[CrossRef]

18. Schousboe, J.T.; Kerlikowske, K.; Loh, A.; Cummings, S.R. Personalizing mammography by breast density
and other risk factors for breast cancer: Analysis of health benefits and cost-effectiveness. Ann. Intern. Med.
2011, 155, 10–20. [CrossRef]

19. Tabár, L.; Dean, P.B.; Yen, A.M.; Tarján, M.; Chiu, S.Y.; Chen, S.L.; Fann, J.C.; Chen, T.H. A proposal to unify
the classification of breast and prostate cancers based on the anatomic site of cancer origin and on long-term
patient outcome. Breast Cancer (Auckl.) 2014, 8, 15–38. [CrossRef]

20. Tabár, L.; Chen, H.-H.; Fagerberg, G.; Duffy, S.W.; Smith, T.C. Recent results from the swedish two-county
trial: The effects of age, histologic type, and mode of detection on the efficacy of breast cancer screening.
JNCI Monogr. 1997, 1997, 43–47. [CrossRef]

21. Wu, Y.-Y.; Yen, M.-F.; Yu, C.-P.; Chen, H.-H. Risk assessment of multistate progression of breast tumor with
state-dependent genetic and environmental covariates. Risk Anal. 2013, 34. [CrossRef] [PubMed]

22. Boyd, N.F.; Lockwood, G.A.; Martin, L.J.; Knight, J.A.; Byng, J.W.; Yaffe, M.J.; Tritchler, D.L. Mammographic
densities and breast cancer risk. Breast Dis. 1998, 10, 113–126. [CrossRef] [PubMed]

23. Wu, Y.Y.; Yen, M.F.; Yu, C.P.; Chen, H.H. Individually tailored screening of breast cancer with genes, tumour
phenotypes, clinical attributes, and conventional risk factors. Br. J. Cancer 2013, 108. [CrossRef]

24. Pharoah, P.D.; Antoniou, A.C.; Easton, D.F.; Ponder, B.A. Polygenes, risk prediction, and targeted prevention
of breast cancer. N. Engl. J. Med. 2008, 358, 2796–2803. [CrossRef]

25. van Veen, E.M.; Brentnall, A.R.; Byers, H.; Harkness, E.F.; Astley, S.M.; Sampson, S.; Howell, A.; Newman, W.G.;
Cuzick, J.; Evans, D.G.R. Use of single-nucleotide polymorphisms and mammographic density plus classic
risk factors for breast cancer risk prediction. JAMA Oncol. 2018, 4, 476–482. [CrossRef]

26. Obenauer, S.; Hermann, K.; Grabbe, E. Applications and literature review of the BI-RADS classification.
Eur. Radiol. 2005, 15, 1027–1036. [CrossRef]

27. Tsau, H.-S.; Yen, A.M.-F.; Fann, J.C.-Y.; Wu, W.Y.-Y.; Yu, C.-P.; Chen, S.L.-S.; Chiu, S.Y.-H.; Tabár, L.; Kuo, W.-H.;
Chen, H.-H.; et al. Mammographic tumour appearance and triple-negative breast cancer associated with
long-term prognosis of breast cancer death: A swedish cohort study. Cancer Epidemiol. 2015, 39, 200–208.
[CrossRef]

28. Yen, A.M.-F.; Wu, W.Y.-Y.; Tabar, L.; Duffy, S.W.; Smith, R.A.; Chen, H.-H. Initiators and promoters for the
occurrence of screen-detected breast cancer and the progression to clinically-detected interval breast cancer.
J. Epidemiol. 2017, 27, 98–106. [CrossRef]

29. Ciatto, S.; Houssami, N.; Bernardi, D.; Caumo, F.; Pellegrini, M.; Brunelli, S.; Tuttobene, P.; Bricolo, P.;
Fantò, C.; Valentini, M.; et al. Integration of 3D digital mammography with tomosynthesis for population
breast-cancer screening (STORM): A prospective comparison study. Lancet Oncol. 2013, 14. [CrossRef]

30. Elizalde, A.; Pina, L.; Etxano, J.; Slon, P.; Zalazar, R.; Caballeros, M. Additional US or DBT after digital
mammography: Which one is the best combination? Acta Radiol. 2016, 57. [CrossRef]

31. Gilbert, F.; Tucker, L.; Gillan, M.; Willsher, P.; Cooke, J.; Duncan, K.; Michell, M.; Dobson, H.; Lim, Y.;
Suaris, T.; et al. Accuracy of digital breast tomosynthesis for depicting breast cancer subgroups in a UK
retrospective reading study (TOMMY Trial). Radiology 2015, 277, 142566. [CrossRef]

32. Rafferty, E.A.; Park, J.M.; Philpotts, L.E.; Poplack, S.P.; Sumkin, J.H.; Halpern, E.F.; Niklason, L.T. Assessing
radiologist performance using combined digital mammography and breast tomosynthesis compared with
digital mammography alone: Results of a multicenter, multireader trial. Radiology 2013, 266, 104–113.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0140-6736(00)82008-5
http://dx.doi.org/10.1002/cncr.20582
http://dx.doi.org/10.1155/2019/2087983
http://dx.doi.org/10.1111/j.1524-4741.2010.00992.x
http://dx.doi.org/10.7326/0003-4819-155-1-201107050-00003
http://dx.doi.org/10.4137/BCBCR.S13833
http://dx.doi.org/10.1093/jncimono/1997.22.43
http://dx.doi.org/10.1111/risa.12116
http://www.ncbi.nlm.nih.gov/pubmed/24111840
http://dx.doi.org/10.3233/BD-1998-103-412
http://www.ncbi.nlm.nih.gov/pubmed/15687568
http://dx.doi.org/10.1038/bjc.2013.202
http://dx.doi.org/10.1056/NEJMsa0708739
http://dx.doi.org/10.1001/jamaoncol.2017.4881
http://dx.doi.org/10.1007/s00330-004-2593-9
http://dx.doi.org/10.1016/j.canep.2015.01.013
http://dx.doi.org/10.1016/j.je.2016.10.003
http://dx.doi.org/10.1016/S1470-2045(13)70134-7
http://dx.doi.org/10.1177/0284185114563641
http://dx.doi.org/10.1148/radiol.2015142566
http://dx.doi.org/10.1148/radiol.12120674
http://www.ncbi.nlm.nih.gov/pubmed/23169790


Cancers 2020, 12, 1855 14 of 14

33. Skaane, P.; Bandos, A.; Gullien, R.; Eben, E.; Ekseth, U.; Haakenaasen, U.; Izadi, M.; Jebsen, I.; Jahr, G.;
Krager, M.; et al. Comparison of digital mammography alone and digital mammography plus tomosynthesis
in a population-based screening program. Radiology 2013, 267. [CrossRef] [PubMed]

34. Fanizzi, A.; Basile, T.M.A.; Losurdo, L.; Bellotti, R.; Bottigli, U.; Dentamaro, R.; Didonna, V.; Fausto, A.;
Massafra, R.; Moschetta, M.; et al. A machine learning approach on multiscale texture analysis for breast
microcalcification diagnosis. BMC Bioinform. 2020, 21. [CrossRef]

35. Fanizzi, A.; Losurdo, L.; Basile, T.M.A.; Bellotti, R.; Bottigli, U.; Delogu, P.; Diacono, D.; Didonna, V.; Fausto, A.;
Lombardi, A.; et al. Fully Automated support system for diagnosis of breast cancer in contrast-enhanced
spectral mammography images. J. Clin. Med. 2019, 8, 891. [CrossRef]

36. Leach, M.O.; Boggis, C.R.M.; Dixon, A.K.; Easton, D.F.; Eeles, R.A.; Evans, D.G.R.; Gilbert, F.J.; Griebsch, I.;
Hoff, R.J.C.; Kessar, P.; et al. Screening with magnetic resonance imaging and mammography of a UK
population at high familial risk of breast cancer: A prospective multicentre cohort study (MARIBS). Lancet
2005, 365, 1769–1778. [CrossRef]

37. Berg, W.A.; Zhang, Z.; Lehrer, D.; Jong, R.A.; Pisano, E.D.; Barr, R.G.; Böhm-Vélez, M.; Mahoney, M.C.;
Evans, W.P., 3rd; Larsen, L.H.; et al. Detection of breast cancer with addition of annual screening ultrasound
or a single screening MRI to mammography in women with elevated breast cancer risk. JAMA 2012, 307,
1394–1404. [CrossRef]

38. Berg, W.A.; Blume, J.D.; Cormack, J.B.; Mendelson, E.B.; Lehrer, D.; Böhm-Vélez, M.; Pisano, E.D.; Jong, R.A.;
Evans, W.P.; Morton, M.J.; et al. Combined screening with ultrasound and mammography vs mammography
alone in women at elevated risk of breast cancer. JAMA 2008, 299, 2151–2163. [CrossRef] [PubMed]

39. Gardezi, S.J.S.; Elazab, A.; Lei, B.; Wang, T. Breast Cancer detection and diagnosis using mammographic
data: Systematic review. J. Med. Internet Res. 2019, 21, e14464. [CrossRef]

40. McKinney, S.M.; Sieniek, M.; Godbole, V.; Godwin, J.; Antropova, N.; Ashrafian, H.; Back, T.; Chesus, M.;
Corrado, G.C.; Darzi, A.; et al. International evaluation of an AI system for breast cancer screening. Nature
2020, 577, 89–94. [CrossRef]

41. Tabár, L.; Gad, A.; Holmberg, L.; Ljungquist, U.; Fagerberg, C.; Baldetorp, L.; Grontoft, O.; Lundström, B.;
Månson, J.; Eklund, G.; et al. Reduction in mortality from breast cancer after mass screening with
mammography. Randomised trial from the Breast Cancer Screening Working Group of the Swedish National
Board of Health and Welfare. Lancet 1985, 1, 829–832. [CrossRef]

42. Tabár, L.; Dean, P.B. Teaching Atlas of Mammography, 2nd ed.; Thieme Inc.: New York, NY, USA, 1985.
43. Hsieh, H.J.; Chen, T.H.; Chang, S.H. Assessing chronic disease progression using non-homogeneous

exponential regression Markov models: An illustration using a selective breast cancer screening in Taiwan.
Stat. Med. 2002, 21, 3369–3382. [CrossRef] [PubMed]

44. Hsu, C.-Y.; Yen, M.-F.; Auvinen, A.; Chiu, Y.-H.; Chen, H.-H. Bayesian negative-binomial-family-based
multistate Markov model for the evaluation of periodic population-based cancer screening considering
incomplete information and measurement errors. Stat. Methods Med. Res. 2016, 27, 2519–2539. [CrossRef]

45. Spiegelhalter, D.; Thomas, A.; Best, N.; Gilks, W. BUGS: Bayesian Inference Using Gibbs Sampling, Version 0.50.
MRC Biostatistics Unit, Cambridge. Available online: www.mrc-bsu.cam.ac.uk/bugs/winbugs/contents.shtml.
(accessed on 19 August 2003).

46. Gilks, W.R.; Thomas, A.; Spiegelhalter, D.J. A language and program for Complex bayesian modelling. J. R.
Stat. Soc. Ser. D (Stat.) 1994, 43, 169–177. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1148/radiol.12121373
http://www.ncbi.nlm.nih.gov/pubmed/23297332
http://dx.doi.org/10.1186/s12859-020-3358-4
http://dx.doi.org/10.3390/jcm8060891
http://dx.doi.org/10.1016/s0140-6736(05)66481-1
http://dx.doi.org/10.1001/jama.2012.388
http://dx.doi.org/10.1001/jama.299.18.2151
http://www.ncbi.nlm.nih.gov/pubmed/18477782
http://dx.doi.org/10.2196/14464
http://dx.doi.org/10.1038/s41586-019-1799-6
http://dx.doi.org/10.1016/S0140-6736(85)92204-4
http://dx.doi.org/10.1002/sim.1277
http://www.ncbi.nlm.nih.gov/pubmed/12407678
http://dx.doi.org/10.1177/0962280216682284
www.mrc-bsu.cam.ac.uk/bugs/winbugs/contents.shtml.
http://dx.doi.org/10.2307/2348941
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Natural History of Breast Cancers by Mammographic Features 
	Empirical Estimates of I/E Ratio by Mammographic Features 
	Interval Cancer of Different Mammographic Features by Inter-Screening Intervals and Sensitivity 

	Discussion 
	Materials and Methods 
	Study Framework and Design 
	Study Subjects 
	Data Collection 
	Statistical Analysis 

	Conclusions 
	References

