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Abstract

Background: Most ductal carcinoma in situ (DCIS) lesions are first detected on screening
mammograms as calcifications. However, false-positive biopsy rates for calcifications range from
30% to 87%. Improved methods to differentiate benign from malignant calcifications are thus
needed.

Purpose: To quantify the growth rates of DCIS and benign breast disease that manifest as
mammographic calcifications.

Materials and Methods: All calcifications (/7= 2359) for which a stereotactic biopsy was
performed from 2008 through 2015 at Duke University Medical Center were retrospectively
identified. Mammograms from all cases of DCIS (7= 404) were reviewed for calcifications that
were visible on mammograms taken at least 6 months before biopsy. Women with at least one
prior mammogram with visible calcifications were age- and race-matched 1:2 to women with a
benign breast biopsy and calcifications visible on prior mammograms. The long axis of the
calcifications was measured on all mammograms. Multivariable adjusted linear mixed-effects
models estimated the association of calcification growth rates with patholo findings. Hierarchical
clustering accounted for matching benign and DCIS groups.

Results: A total of 74 DCIS calcifications and 148 benign calcifications were included for final
analysis. The median patient age was 62 years (interquartile range, 51-71 years). No significant
difference in breast density (£ > .05) or number of available mammograms (P> .05) was detected
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between groups. Calcifications associated with DCIS were larger than those associated with
benign breast disease at biopsy (median, 10 mm vs 6 mm, respectively; £<.001). After
adjustment, the relative annual increase in the long-axis length of DCIS calcifications was greater
than that of benign breast calcifications (96% [95% confidence interval: 72%, 224%] vs 68%
[95% confidence interval: 56%, 80%] per year, respectively; £<.001).

Conclusion: Ductal carcinoma in situ calcifications are more extensive at diagnosis and grow
faster in extent than those associated with benign breast disease. The rate of calcification change
may help to discriminate benign from malignant calcifications.

Summary

Calcifications associated with ductal carcinoma in situ are more extensive at diagnosis and grow
faster than those associated with benign breast disease.

Ductal carcinoma in situ (DCIS) represents approximately 20% of all new breast cancer
diagnoses in the United States (1). The majority of DCIS lesions are first detected on
screening mammograms where they classically manifest as calcifications. In current
practice, biopsy referral of calcifications is based on radiologists’ impressions of the
morphology and distribution according to the Breast Imaging-Reporting and Data System
(BI-RADS) Atlas (2). These features have limited predictive value, with false-positive
biopsy rates for calcifications ranging from 30% to 87% (2-6). Furthermore, the
interobserver variability for these morphology classifiers is at best moderate (2,7,8).
Improved methods to allow differentiation of benign from malignant disease are thus
needed.

One unexplored calcification feature is the longitudinal growth rate as evident on serial
mammograms. This approach has not been fully investigated because it is standard of care to
biopsy all new or growing calcifications that are not definitively benign and to surgically
excise those representing atypia or cancer (1). Nevertheless, up to 29% of biopsied cancers
can be seen in retrospect on prior mammograms, which provides an opportunity to evaluate
the temporal evolution of calcifications (9,10). Filev et al used a data set of retrospectively
identified calcifications to develop an automated registration and classification algorithm
that differentiates benign from malignant disease based on single-interval changes of
calcifications (11). Similarly, Thomson et al used a retrospective data set to demonstrate
faster growth rates for high-grade versus low-grade DCIS (12). These prior studies
demonstrate the feasibility of identifying retrospective data sets of mammaographic
calcifications for analysis, as well as the promise of using calcification changes over time for
classification purposes.

We hypothesized that DCIS has a faster growth rate than benign breast disease and hence
may be a discriminating factor in the evaluation of calcifications. The purpose of this study
was to quantify the growth rates of DCIS and benign breast disease that manifest as
mammographic calcifications.
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Materials and Methods

This retrospective study was approved by the internal review board and is compliant with the
Health Insurance Portability and Accountability Act of 1996. Written informed consent was
waived.

Study Patients

We retrospectively identified all calcifications (7= 2359) for which a stereotactic biopsy was
performed from January 1, 2008, through December 31, 2015, at Duke University Medical
Center via a query of our institutional radiology-pathology database. This query consisted of
all pure calcifications without associated masses, asymmetries, or architectural distortions
and all patients were asymptomatic. The final pathology results from either stereotactic
biopsy or subsequent surgical excision (when performed) were as follows: invasive ductal
carcinoma (n = 185), invasive lobular carcinoma (n7=9), DCIS (n7=404), lobular neoplasia
(n = 48), atypical ductal hyperplasia (7= 168), flat epithelial atypia (n7= 39), atypia not
otherwise specified (n7=12), and benign breast disease (7= 1484); pathology results were
missing for 11 calcifications. The overall malignancy rate was 25%.

Mammograms

The mammograms containing DCIS calcifications were reviewed by either a current breast
imaging fellow (M.M.M.) or a fellowship-trained breast radiologist with 3 years of
postfellowship experience (L.J.G.). All available digital mammograms preceding the biopsy
of DCIS calcifications were reviewed to determine if the biopsied calcifications had already
been present. Only DCIS calcifications that were visible on at least one prior mammogram
that predated the biopsy by at least 6 months were included. Benign breast calcifications that
were also visible on mammograms at least 6 months prior to biopsy were matched 2:1 for
race and age with DCIS calcifications. Calcifications initially classified as BI-RADS 3 were
included (n7=24). A flowchart of calcifications included for analysis is shown in Figure 1.

Measurements

On each mammogram, the calcifications were measured by one of the radiologists using
digital calipers on a clinical work-station (Centricity PACS; GE Healthcare, Chicago, II)
with high-resolution (5-megapixel) monitors. The longest axis of calcifications, hereafter
referred to as size, was measured and used for subsequent analyses. A subset of 50 images
was initially measured by both readers and discussed to ensure that the same measurement
approach was utilized by both readers, although this is a standardized task used in routine
clinical practice. The radiologists measured the calcifications with access to all prior
mammograms. The radiologists were blinded to the pathology outcomes. Although the
mammogram immediately preceding a biopsy was diagnostic with magnification views,
prior mammograms in which the calcifications were already present were often full-field
screening views. For consistency, measurements were made on the craniocaudal and/or
medio-lateral oblique full-field views on all mammograms. For each case of biopsied
calcifications, breast density according to the BI-RADS Atlas was recorded from the
mammogram report preceding the breast biopsy.

Radiology. Author manuscript; available in PMC 2020 July 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Grimm et al.

Page 4

Statistical Analysis

Results

Characteristics of patients and biopsied calcifications were summarized by using number
(percentage), median, and interquartile range (IQR) for categorical and continuous variables,
respectively. For the purposes of this study, calcification growth rates refer to the extent of
calcifications, rather than the size or number of individual calcifications. Comparisons
between the diagnosis groups were made by using the Cochran-Mantel-Haenszel test for
matched categorical variables and the stratified Wilcoxon Rank Sum test for matched
continuous variables. Multivariable linear mixed-effects models with random intercept and
time-to-diagnosis slope were used to estimate the association of final diagnosis with lesion
size and growth rate after adjustment for race, age at diagnosis, and breast density. The
models included an interaction term between time and diagnosis to determine if the change
over time was different for calcifications with final diagnoses of DCIS versus benign breast
disease. Hierarchical clustering was used in all models to account for the clustering of
calcifications by match number.

Forty-three percent of calcifications included in the study (96 of 222) had a first recorded
lesion size of 0 mm because the corresponding mammogram did not show the calcifications.
Of note, these 96 calcifications were all still present on at least two subsequent
mammograms, as all calcifications were visible for at least two time points. For these
calcifications, the start of growth may have occurred at any time between the first
(calcification size, 0 mm) and second (positive calcification size) mammogram. To account
for this possibility, we used a multiple imputation procedure to predict the time of
calcification initiation for these 96 cases (see Appendix E1 [online]). A total of 100 imputed
data sets were used in subsequent linear mixed-effects modeling. Due to the skewed nature
of lesion sizes, additional models with log- and square-root—transformed response variables
were implemented and model selection was performed by using the Akaike Information
Criterion. Model fits were evaluated by using a modified ~A-squared statistic based on the
best linear unbiased predictors of the random-effect models. Analyses were stratified by
imputation number and estimates were combined by using the PROC MIANALYZE
function in SAS (v9.4; SAS Institute, Cary, NC).

To evaluate the dependency of the model conclusions on the above imputation procedure,
models that were fit on the original data were compared with those fit on the imputed data.
All statistical analyses were conducted by using SAS (S.M.T.). A Pvalue of .05 was
considered indicative of statistical significance and no adjustments were made for multiple
testing.

The study included 214 women with a total of 222 biopsied calcifications (Table 1); eight
women each had two separate biopsies for calcifications that occurred at different time
points. The median age at diagnosis was 62 years (IQR, 51-71 years) and 61% (135 of 222)
of the women were white. There were 74 DCIS calcifications and 148 benign calcifications
included in the final analysis. This corresponds to an 18% (74 of 404) miss rate for DCIS
calcifications that were not properly identified as malignant on prior mammograms. Among
the 74 DCIS calcifications, the nuclear grade was as follows: six (8%) were low grade, 43
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(58%) were intermediate grade, and 25 (34%) were high grade. DCIS was most commonly
estrogen-receptor (ER) positive (82%, 61 of 74) and progesterone-receptor positive (80%, 59
of 74). The benign breast calcifications were most commonly reported as fibrocystic changes
(55% [82 of 148]) or fibroadenomas (36% [53 of 148]). There were no statistically
significant differences in the distributions of breast density (P=.29) or number of
mammograms (P =.75) between the DCIS and benign biopsy cohorts. The median number
of mammograms for each case of biopsied calcifications was three in both groups, with a
range of two to seven for DCIS and two to six for benign disease. At the time of biopsy, the
extent of the DCIS calcifications was larger than that of the benign calcifications (median,
10 mm [IQR, 5-22 mm] vs 6 mm [IQR, 4-10 mm], respectively; £<.001).

Growth trajectories were variable in both groups (Fig 2) and exhibited noticeable differences
in mean behaviors (Fig 3). Among the three random-effect models used to model the growth
trajectories, the log-transformed model yielded the best fit, with a median modified ~-
squared value of 0.78 and a range of 0.76-0.80. Hereafter, we focus on this model (Table 2),
with the results of all three models presented in Appendices E2 and E3 (online). Because the
effect sizes are not easily interpretable on the logarithmic scale, we instead report the
exponentiated model coefficients. The resulting effect sizes in the original scale have the
intuitive interpretation of a relative change in long-axis length per unit change of the
predictor (13). For instance, the effect size of the time variable is interpreted as a relative
growth rate, that is, the percentage change in lesion size per year.

In the multivariable adjusted model, the long-axis extent of DCIS calcifications at the time
of biopsy was 69.1% (95% confidence interval [CI]: 29.5%, 120.8%) greater overall than
those associated with benign breast disease (P < .001). In addition to this main effect, there
was a significant interaction effect between disease status (DCIS vs benign) and time (P
=.04). More precisely, the relative annual increase in the long-axis length of DCIS was
96.2% (95% ClI: 71.6%, 224.4%) compared with 67.7% (95% CI: 56.2%, 80.1%) for benign
breast disease. Figure 4 shows an example of fibrocystic disease with no appreciable growth
in the long-axis extent over 2 years. Figure 5 shows an example of DCIS that increased in
extent by 100%, from 3 mm to 6 mm, over 2 years. Age at the time of biopsy affected the
long-axis extent of the calcification (1.2% relative increase per year; 95% ClI: 0.1%, 2.2%; P
=.03), but no associations were found with respect to breast density (P = .29).

The associations between characteristics of each woman and calcification size in the log-
transformed model were corroborated by the natural-scale— and square-root-transformed
models (Appendix E2 [online]). Despite their inferior fit, both model alternatives found an
interaction effect between disease state and growth rate (£ < .001 in both). Finally, in a
sensitivity analysis, both the natural-scale— and square-root—transformed models were fit to
the original, unimputed data set containing 96 first mammograms with a lesion size of 0 mm
(Appendix E4 [online]).

Finally, we characterized DCIS growth rates by nuclear grade and ER status (see
Appendices E5 and E6 [online]). Dichotomizing nuclear grade into non-high grade (grades |
and I1) versus high grade (grade I11), we estimated annual growth rates of 70.4% (95% CI.
49.3%, 94.5%) for non-high-grade DCIS and 153.1% (95% CI: 90.5%, 236.2%) for high-
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grade DCIS. With respect to ER status, we estimated annual growth rates of 84.3% (95% ClI:
61.9%, 109.8%) for ER-positive DCIS and 179.9% (95% CI: 80.0%, 335.1%) for ER-
negative DCIS. Due to small sizes, the estimates were imprecise and preclude definitive
conclusions.
Discussion

The purpose of this study was to quantify the growth rates of ductal carcinoma in situ
(DCIS) and benign breast disease that manifest as mammographic calcifications. We
hypothesized that DCIS has a faster growth rate than benign breast disease and hence may
be a discriminating factor in the evaluation of calcifications. Our results show that DCIS-
associated calcifications are overall larger at diagnosis (10 mm vs 6 mm, respectively) and
grow faster in extent (96.2% vs 67.7% per year, respectively) than those associated with
benign breast disease lesions. In addition, we found that 18% of DCIS calcifications were
either missed or not correctly identified as malignant on at least one prior mammogram. To
our knowledge, this is the first study that differentiates the longitudinal growth rates of
benign and DCIS calcifications. Our findings show that benign breast disease typically
grows over time and hence using a threshold of any growth for intervention will necessarily
yield benign biopsies. Additionally, the faster yearly growth rates between DCIS and benign
disease could be used in a decision model for biopsy referral. The absolute changes in extent
are small, but they should be readily apparent to computer vision algorithms, which in
combination with other imaging features could provide more refined prediction models.

Our study expands upon the work of two prior studies that have evaluated the use of serial
mammograms for calcification analysis (11,12). Filev et al focused on automated regional
registration of calcifications from a single prior image without estimating temporal growth
rates (11). While the authors did not specify the types of malignancy (DCIS or invasive
breast cancer) included for analysis, they demonstrated the ability to differentiate benign
from malignant calcifications. Thomson et al used up to three mammograms per patient to
model differential growth rates between grades of DCIS (12). Their finding of a faster
growth rate for high-grade versus low-grade DCIS, in conjunction with our results,
demonstrates the biologic continuum of benign disease through progressively more
aggressive DCIS. By using digital mammograms instead of screen-film technology and by
including more mammaograms per patient (median, three; range, two to seven), our results
offer improved temporal resolution with current technology (14). Together, the three studies
demonstrate the promise of calcification growth rates as a predictor of biopsy outcomes and
future work in this area.

This line of investigation has potential implications for the management of DCIS via active
surveillance, which avoids surgical excision for women at low risk of progression to invasive
disease. The three current active surveillance trials randomizing low-risk DCIS to surgery or
active surveillance recommend mammograms in women every 6-12 months (15-17);
however, this imaging interval is not based on detailed DCIS growth models, as such data
does not exist. There are some published estimates on doubling times of invasive breast
cancers (18,19) but there is very little published information on DCIS growth rates (20). Our
results are a first step toward providing these more detailed growth models.
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Our study has some limitations. First, by using full-field screening mammograms, the long-
axis extent of the calcifications may have been underestimated. Of note, this choice was a
trade-off to ensure consistency between mammograms obtained at different points in time
(screening vs diagnostic). Second, the size measurements may have been subject to some
interobserver variability (2,7,8); however, by blinding the radiologists to the final pathology
results during the measurements, we were able to minimize the risk of systematic bias.
Additionally, single-reader measurements do not allow for intrareader variability in how the
measurements were made. Third, because our study cohorts included only calcifications that
were visible in retrospect on prior examinations, calcifications that were larger or with more
obvious morphologies at first manifestation were likely filtered out. Fourth, by including
only calcifications seen on prior mammograms, there may be a selection bias against women
who do not undergo routine screening mammography, such as those with poor-access issues.
Additionally, since patients were asymptomatic, women with advanced disease were
underrepresented. Finally, we assumed no change in the biologic process producing the
calcifications during our study period. The biologic evolution of normal breast tissue to
DCIS is poorly understood but it is possible that measurements on mammograms several
years prior to biopsy are of DCIS precursor lesions (21,22).

In conclusion, our study demonstrates that microcalcifications associated with biopsy-
confirmed ductal carcinoma in situ (DCIS) are overall larger at diagnosis and grow faster
than those associated with biopsy-confirmed benign breast disease. Since benign breast
disease can also increase in size over time, the “any growth” biopsy threshold used in current
practice contributes toward many biopsies yielding benign results. Finally, we estimated that
as many as one in five cases of DCIS are missed in retrospect and often missed over several
prior examinations. Further work with larger data sets is needed to validate our findings and
to define the sensitivity and specificity of various threshold growth rates. However, if a
suitable threshold can be identified, slow-growing calcifications could be safely monitored
over time, in conjunction with an amended BI-RADS 3, probably benign, designation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations

BI-RADS Breast Imaging-Reporting and Data System
Cl confidence interval

DCIS ductal carcinoma in situ

ER estrogen receptor

IQR interquartile range
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Key Points

Calcifications associated with ductal carcinoma in situ manifest at a larger
size and have a higher relative growth rate compared with those associated
with benign breast disease (size, 10 mm vs 6 mm, respectively; growth rate,
96% vs. 68% increase per year, respectively [P < .001]).

Since benign breast disease calcifications grow over time, the “any growth”
biopsy threshold in current practice results in many biopsies yielding benign
results.
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All biopsied asymptomatic pure
calcifications from 2008-2015
n=2,359
Final pathology not DCIS or
benign breast disease
n=471
: Final pathology benign
Final pn;h:;lgfy DCIS IR AR
n=1,484

Calcifications not visible
on prior Mammograms

n-330

Calcifications visible on prior

Calcifications visible on prior
mammograms and matched 2:1

n=7g4 = by race and age with DCIS group
n=148
Figure 1:

Flowchart of calcifications representing ductal carcinoma in situ (DCIS) and benign breast
disease included in the study.
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Benign DCIS

Log-Transformed Long Axis (mm)

Time to Diagnosis (Years)

Figure 2:
Log-transformed growth curves for benign breast disease and ductal carcinoma in situ

(DCIS). Of note, the 0 values could not be transformed and so were set to zero after the log
transformation was applied to the other values.
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Benign ———-DCIS

Benign

*

DCIS

Log-Transformed Long Axis (mm)

Figure 3:

-6

T
-4 -2 0

Time from Diagnosis (Years)

The mean log-transformed long-axis length over time for ductal carcinoma in situ (DCIS)
and benign breast disease, with 95% confidence intervals. The DCIS and benign data points
are offset to facilitate visualization. Of note, the O values could not be transformed and so
were set to zero after the log transformation was applied to the other mean values.
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a.

Figure 4:
Mammograms in a 44-year-old woman with calcifications corresponding to fibrocystic

disease. (a) When first visualized, the calcifications measured 5 mm in long-axis extent; (b)
2 years later at the time of biopsy they measured 5 mm.
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a.

Figure 5:
Mammaograms in a 61-year-old woman with calcifications corresponding to intermediate-

grade ductal carcinoma in situ. (a) When first visualized, the calcifications measured 3 mm;
(b) 2 years later at the time of biopsy they measured 6 mm.
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Table 2:

Mixed-effects Model with Unstructured Covariance and Time-to-Diagnosis Interactions with Imputed Data
(100 Imputed Data Sets)

Linear Mixed-effects Model with Log Transformation of Response

Effect Percent Change* P Value

Final pathology

Ductal carcinoma in situ 69 (30, 121) <.001
Benign REF
Time to diagnosis (y) 68 (56, 80) <.001
Age at diagnosis (y) 1.2(0.1,2.2) .03
Breast density
Fatty -25 (=62, 48) 40
Scattered fibroglandular —-25 (-54, 21) 24
Heterogeneously dense =24 (=52, 21) .25
Extremely dense REF
Race
Black 9.1 (-14,38) 47
White REF

Time-to-diagnosis interaction
Ductal carcinoma in situ 17 (0.5, 36) .04
Benign REF

Note.—Unless otherwise stated, data in parentheses are 95% confidence intervals. The response variable (long-axis length) was log transformed
prior to model fitting. The variance-covariance estimates of the random effects are shown in Appendix E2 (online). REF = reference standard for
calculations.

* ~ S
For each model coefficient 3 estimated on the log-transformed scale, percent change on the natural scale was calculated as 100 - (e[3 - 1).
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