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Background: Breast arterial calcifications (BAC), representing Mönckeberg’s sclerosis of the tunica media 
of breast arteries, are an imaging biomarker for cardiovascular risk stratification in the female population. 
Our aim was to estimate the intra- and inter-reader reproducibility of a semiquantitative score for BAC 
assessment (BAC-SS).
Methods: Consecutive women who underwent screening mammography at our center from January 1st 
to January 31st, 2018 were retrieved and included according to BAC presence. Two readers (R1 and R2) 
independently applied the BAC-SS to medio-lateral oblique views, obtaining a BAC score by summing: (I) 
number of calcified vessels (from 0 to n); (II) vessel opacification, i.e., the degree of artery coverage by calcium 
bright pixels (0 or 1); and (III) length class of calcified vessels (from 0 to 4). R1 repeated the assessment 2 weeks 
later. Scoring time was recorded. Cohen’s κ statistics and Bland-Altman analysis were used.
Results: Among 408 women, 57 (14%) had BAC; 114 medio-lateral oblique views were assessed. Median 
BAC score was 4 [interquartile range (IQR): 3–6] for R1 and 4 (IQR: 2–6) for R2 (P=0.417) while median 
scoring time was 156 s (IQR: 99–314 s) for R1 and 191 s (IQR: 137–292 s) for R2 (P=0.743). Bland-Altman 
analysis showed a 77% intra-reader reproducibility [bias: 0.193, coefficient of repeatability (CoR): 0.955] 
and a 64% inter-reader reproducibility (bias: 0.211, CoR: 1.516).  Cohen’s κ for BAC presence was 0.968 for 
intra-reader agreement and 0.937 for inter-reader agreement.
Conclusions: Our BAC-SS has a good intra- and inter-reader reproducibility, within acceptable scoring 
times. A large-scale study is warranted to test its ability to stratify cardiovascular risk in women.
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Introduction

Recent data confirm that cardiovascular disease is the 
leading cause of death among women, accounting for about 
one-third of deaths (1). Multiple concerns have been raised 
over the lack of improvement in cardiovascular disease 
prevention in women (2,3). Mortality rate for heart failure 
and stroke is higher in women than in men (4). In particular, 
in women aged 55 years or less, recent cardiovascular 
mortality has increased by 1% annually (4,5). These trends 
reflect that traditional cardiovascular risk scores do not 
adequately perform in women, often underestimating 
cardiovascular risk (6). Hence, the prominence of unique 
non-traditional risk factors often translates in poorer 
outcomes (3,7).

The development of innovative risk assessment 
strategies in women is crucial. In this light, breast arterial 
calcifications (BAC) have been identified as one of the 
most promising sex-specific imaging biomarkers for 
cardiovascular risk stratification in women (8). A recent 
meta-analysis from Hendriks et al. reported BAC to be 
associated with an increased cardiovascular risk (adjusted 
hazard ratios for coronary heart disease ranging from 1.32 
to 1.44) (9). Moreover, a prospective study by Schnatz et 
al. (10) found that women with BAC were significantly 
more likely to develop heart disease or stroke than those 
without BAC (6.3% vs. 2.3%, P=0.003; 58.3% vs. 13.3%, 
P<0.001), respectively. Interestingly, Margolies et al. (11) 
firstly demonstrated a strong quantitative association 
of BAC with coronary artery calcium score on CT and 
its superiority to individual standard cardiovascular risk 
factors. This association reinforces the potential of BAC 
to ameliorate cardiovascular risk stratification in women 
erroneously classified at low-intermediate cardiovascular 
risk by traditional scores, without additional imaging, costs, 
or radiation exposure (12-17).

Currently, clinical application of BAC for cardiovascular 
risk stratification in women is limited (18). The greatest 
hindrance is the development of a reproducible, simple 
and quick method of BAC quantification that would allow 
the stratification in multiple classes of cardiovascular risk. 
A good reproducibility on a quantitative scale is the basic 
condition for deducing the diagnostic or prognostic power 
of a score, hence being the first step toward an objective 
BAC assessment and a subsequent risk stratification. In 
daily practice BAC are defined, when not ignored, as 
present or absent and this binary classification hinders the 
identification of women with intermediate risk, who likely 

might benefit from tailored preventive actions. Prospective 
studies with known and well defined cardiovascular 
outcomes will be thus necessary for identifying precise 
thresholds and, subsequently, populations subject to variable 
preventive interventions (19). Various strategies have been 
proposed to quantify BAC on a continuous or ordinal 
scale (20). Published studies range from manual estimation 
of BAC burden on both semiquantitative (11,21-23)  
and continuous scales (24,25) to semiautomatic (26) and 
automatic segmentation algorithms (27,28). However, only 
few of these solutions have had their reproducibility tested 
and largely vary in robustness (21,22,25,26), thus reflecting 
the topological complexity of BAC as well as the absence of 
standardized criteria. Furthermore, no study assessed the 
application time of proposed scores, which instead represent 
a relevant issue in a daily clinical workflow.

Our aim was to evaluate intra-, inter-reader reproducibility 
and application time of a semiquantitative score for BAC 
assessment (BAC-SS) in a screening-like scenario, using 
routinely available standard software tools.

Methods

Study population and image selection

This retrospective, single center study focused on a subgroup 
of women included in a larger retrospective monocentric 
research project approved by the local Ethics Committee 
(Ethics Committee of IRCCS Ospedale San Raffaele; protocol 
code SenoRetro; approved on November 9th, 2017 and 
amended on July 18th, 2019). Informed consent was waived.

M a m m o g r a m s  o f  a s y m p t o m a t i c  w o m e n  w h o 
consecutively underwent breast cancer screening from 
January 1st to January 31st, 2018 were retrieved. Medio-
lateral oblique views were evaluated for the presence of 
BAC and selected for analysis. Women’s age was recorded.

Image acquisition and assessment

Mammograms were acquired using full-field digital systems 
(Giotto Tomo or Giotto Image 3D, IMS) and reviewed on 
standard 5-megapixel monitors with access to all standard 
software tools including magnification and gray-scale inversion.

The BAC-SS was defined as follows:

BAC SS v vN O L− = + + 	 [1]
where Nv represents the number of calcified vessels; Ov 
the vessel opacification and L the length class of calcified 
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BAC segments. The vessel opacification (Ov) was defined as 
“high” when the projection of calcium covered the arterial 
image from side to side with high-density pixels preventing 
the visualization of the non-calcified artery wall for at least  
1 mm in length (Ov =1), or “low” when no complete high-
density coverage from side to side was visible (Ov =0).

To define L, the length of visible BAC (lBAC), obtained by 
summing the length of each calcified vessel segment (mm), 
was categorized into five classes. Patients without BAC were 
assigned to the 0 class, whereas the quartiles (Q1, Q2 and Q3) 
of lBAC distribution were set as threshold values, defining four 
classes for each corresponding quartile. Table 1 rigorously 
defines all variables that compose the BAC-SS, while  
Figure 1 represents an example of BAC-SS estimation from a 
single medio-lateral oblique view. 

Medio-lateral oblique views were reviewed by a radiology 
resident with a 3-year experience in reading mammography 
(R1) and by a medical student (R2) adequately trained 
for BAC identification by a radiologist with a 10-year 
experience in breast imaging, in any case available for 
clarification. At first, both R1 and R2 performed a consensus 
review of a subgroup of 10 randomly selected exams, as 
training examples; subsequently, each reader independently 
evaluated all included mammograms. Application time was 
recorded for both readers on a subgroup of 10 subjects (20 
medio-lateral oblique images), none of which had been 
included in the ten-subject subgroup used for initial training. 
Finally, to estimate intra-reader reproducibility, R1 re-
evaluated all selected mammograms in a separate session at 
a 2-week interval. Inter-reader reproducibility was evaluated 
between R1 first and R2 BAC-SS application.

Statistical analysis

The Shapiro-Wilk test was performed to ascertain data 
normality. If at least one distribution was non-normal, all 
data were treated with non-parametric statistics. Descriptive 
statistics of continuous variables were expressed as mean ± 
standard deviation or median and interquartile range (IQR) 
according to data distribution. We used the t-test or the 
Mann-Whitney U test to compare: age of women with BAC 
and age of women without BAC; median BAC-SS between the 
two readers; median BAC-SS in two age groups (50–69 years,  
≥70 years); median BAC-SS application time between the 
two readers.

To assess intra- and inter-reader reproducibility, 
Bland-Altman analysis was performed in case of discrete 
variables while Cohen’s κ statistics and raw concordance 
were used for categorical variables. Results of Bland-
Altman analysis were reported as bias, coefficient of 
repeatability (CoR), and reproducibility defined as the 
complement to one of the ratios between CoR and 
overall mean differences. Cohen’s κ with linear weighting 
for multiple categories was used with resulting values 
characterized according to the Landis and Koch scale (29):  
<0 no agreement; 0–0.20 slight agreement; 0.21–0.40 fair 
agreement; 0.41–0.60 moderate agreement; 0.61–0.80 
substantial agreement; 0.81–1 almost perfect agreement. The 
level of statistical significance was set at P<0.05.

Results

A total of 408 asymptomatic women with a median age of 

Table 1 Variables and possible scores for assessing breast arterial calcifications using the BAC-SS system

Variables Definition

Number of calcified vessels (Nv) Number of calcified vessels

Vessel opacification (Ov) 0,      
1,          v

Visible arterial walls on MLO view
O

Opacified vessel with no visible arterial walls on MLO view


= 


Length class of calcified segments (L)

( )
1

†
1 2

2 3

3

0, 0 
1, 0
2,
3,
4,

BAC

BAC

BAC BAC

BAC

BAC

l mm
l Q

L l Q l Q
Q l Q

l Q

=
 < ≤= < ≤
 < ≤

>
BAC-SS BAC-SS = Nv + Ov + L
†, BAC length, obtained by summing the length of each calcified segment (mm); Q1, Q2 and Q3 (mm) are the quartiles of lBAC values 
distribution in the analyzed sample. BAC-SS, semiquantitative score for breast arterial calcifications assessment; MLO, medio-lateral 
oblique.
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59 years (IQR: 53–67 years, range: 45–82 years) underwent 
mammography during the study period. Among these, 57 
(14%, 95% confidence interval: 11–18%) had BAC. As 
shown in Figure 2, women without BAC, with a median age 
of 59 years (IQR: 53–65 years, range: 45–82 years), were 
younger than women with BAC, who had a median age of 

67 years (IQR: 60–74 years, range: 49–82 years) (P<0.001).
The BAC-SS was applicable in all 57 women; therefore 

114 medio-lateral oblique views were evaluated. BAC 
presence was reported in 96/114 and 95/114 views in the 
first and second assessment by R1, respectively, with a raw 
concordance of 99% (κ=0.968, P<0.001), and in 94/114 
views by R2. Comparing the first assessment by R1 and the 
assessment by R2, the raw concordance was 98% (κ=0.937, 
P<0.001). According to R1, BAC were bilateral in 39/57 
and 38/57 women during the first and second assessment, 
respectively, with a raw concordance or 95% (κ=0.846, 
P<0.001), and in 37/57 women by R2. Comparing the 
first assessment by R1 and the assessment by R2, the raw 
concordance was 96% (κ=0.921, P<0.001). The median lBAC 
was 33 mm (IQR: 12–84 mm). The median BAC-SS was 
4 (IQR: 3–6) for the first assessment by R1, 4 (IQR: 3–5) 
for the second assessment by R1, and 4 (IQR: 2–6) for the 
assessment by R2 (P=0.417). Bland-Altman plots of the intra- 
and inter-reader reproducibility are shown in Figures 3,4.

In women aged 50–69 years, the median BAC-SS 
according to the first assessment by R1 was 4 (IQR: 3–5), 
while in women aged 70 or older it was significantly higher 
(5, IQR: 3–8, P=0.018) as depicted in Figure 5.

Tables 2-5 detail the results of intra- and inter-reader 
agreement for dichotomic and categorical variables, and of 

Figure 1 A medio-lateral oblique mammographic view with a BAC-SS of 6. In (A), a single involved vessel is visible, with a corresponding 
Nv =1. In (B), the vessel is opacified from side to side, with resulting Ov of 1. In (C), the length of calcified segments (lBAC) resulted to be  
125.05 mm, belonging to the fourth quartile, with a corresponding L of 4. (D) The total BAC-SS was 6. BAC-SS, semiquantitative score for 
breast arterial calcifications assessment.

Figure 2 Boxplot of age distributions in women without and with 
BAC. * indicates that the comparison was statistically significant 
(P<0.001). BAC, breast arterial calcifications.
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Figure 3 Bland-Altman plot for intra-reader reproducibility of 
the BAC-SS. BAC-SS, semiquantitative score for breast arterial 
calcifications assessment.

Figure 4 Bland-Altman plot for inter-reader reproducibility of 
the BAC-SS. BAC-SS, semiquantitative score for breast arterial 
calcifications assessment.

Figure 5 Boxplot of the BAC-SS obtained in patients aged 
50–60 years or over 70 years. * indicates that the comparison was 
statistically significant (P=0.018). BAC-SS, semiquantitative score 
for breast arterial calcifications assessment.
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Table 2 Intra-reader agreement of dichotomic and categorical 
variables included in the semiquantitative score for assessing breast 
arterial calcifications (BAC-SS)

Dichotomic and 
categorical variables

Linear 
weighted κ

P value
Raw 

concordance

BAC presence/absence 0.968 <0.001 99%

BAC bilaterality 0.846 <0.001 95%

Vessel opacification (Ov) 0.961 <0.001 99%

Length of calcified 
vessels (L)

0.912 <0.001 87%

Dichotomic and categorical variables were analyzed with 
Cohen’s κ statistics. BAC, breast arterial calcifications.

Table 3 Intra-reader reproducibility of discrete variables and total 
semiquantitative score for assessing breast arterial calcifications 
(BAC-SS)

Discrete variables Bias CoR Reproducibility

Number of calcified 
vessels (Nv)

0.079 0.604 66%

BAC-SS 0.193 0.955 77%

Discrete variables were analyzed with Bland-Altman analysis. 
BAC, breast arterial calcif ications; CoR, coefficient of 
repeatability.

Table 4 Inter-reader agreement of dichotomic and categorical 
variables included in the semiquantitative score for assessing breast 
arterial calcifications (BAC-SS)

Dichotomic and categorical 
variables

Linear 
weighted κ

P value
Raw 

concordance

BAC presence/absence 0.937 <0.001 98%

BAC bilaterality 0.921 <0.001 96%

Vessel opacification (Ov) 0.837 <0.001 97%

Length of calcified vessels (L) 0.875 <0.001 82%

Dichotomic and categorical variables were analyzed with 
Cohen’s κ statistics. BAC, breast arterial calcifications.
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intra- and inter-reader reproducibility for discrete variables.
The median application time was 156 s (IQR: 99–314 s) 

for the first assessment by R1 and 191 s (IQR: 137–292 s) 
for R2 (P=0.743).

Discussion

The main aim of our study was to propose a simple method 
for quantifying BAC on mammograms. By combining the 
number of calcified vessels, vessel opacification, and length 
of calcified vessels we obtained a semiquantitative score, the 
BAC-SS, that showed a 77% intra-reader reproducibility 
and a 64% inter-reader reproducibility and could be applied 
in clinical practice in about 2–3 min by breast radiologists. 
This result has to be placed into the context of the current 
status of the emergent need to improve cardiovascular 
disease prevention in women.

In fact ,  non-tradit ional  r i sk  factors  unique or 
predominant to women have to be advocated for a sex-
specific risk assessment, crucial for a better outcome. 
Efforts have been undertaken to improve the performance 
of traditional cardiovascular risk scores with the help of 
algorithms and imaging biomarkers (26).

BAC have been recently described among “the top five 
women’s health issues in preventive cardiology, at the forefront 
of recent and ongoing research”, together with coronary 
microvascular dysfunction, hormone replacement therapy, 
calcium and vitamin D supplementation, and metabolic 
adaptations during pregnancy (30). Indeed, breast cancer 
is also a well-known health problem, thus women entering 
mammographic screening would benefit from both breast 
cancer and cardiovascular prevention. BAC are commonly 
seen on mammograms as linear, parallel opacities, typically 
with a “tram-track” appearance (9,17,20,31). They are the 
expression of Mönckeberg’s sclerosis, a non-atheromatous 
vascular lesion developing in the internal elastic lamina or 

in the tunica media of muscular arteries and containing 
hydroxyapatite crystal deposition in the plaques (32), to 
be distinguished from intima atherosclerotic calcifications 
including calcium phosphate salts in the vascular tissue. The 
reported association between BAC and cardiovascular risk 
factors was displayed by a meta-analysis (9,33) that found 
high pooled BAC prevalence correlated with increasing age, 
diabetes, hypertension, and parity as opposed to nulliparity, 
while smoking was linked with lower BAC prevalence.

We found a BAC prevalence of 57/408 (14%), in 
line with data from the literature showing a prevalence 
around 12.7% among women in breast cancer screening 
programs (9). We also found a significant difference 
(P<0.001)  for  age  between 57 women with  BAC 
(aged 67±9 years) and 351 women without BAC (aged  
59±8 years), confirming that BAC prevalence increases 
with age, like cardiovascular risk, considering the loss of 
protective role of estrogenic hormones after menopause. 
This evidence advocates for the use of mammography 
as a preventive test beyond breast cancer screening, 
spotlighting both the heart and cardiovascular risk (20).

Attempts have been made to improve BAC estimation 
using fully automated methods or qualitative and 
quantitative approaches (11,21,34,35) but reproducibility 
of semiquantitative BAC grading scales has been scarcely 
explored. A previous experience (26) using a semiautomatic 
continuous scale showed a huge operator dependence, 
prompting the development of new tools. Conversely, our 
BAC-SS system showed a 77% intra-reader and a 64% 
inter-reader reproducibility, opening a perspective for large 
studies exploring its ability to stratify cardiovascular risk in 
women.

Among the parameters considered to obtain the BAC-
SS, the number of calcified vessels was the most difficult to 
be assessed, showing the lowest reproducibility compared 
to vessel opacification and the length of calcified vessels. 
Defining when a major vessel stops giving rise to separate 
branches and how many branches have to be considered 
turned out not to be an easy task. Conversely, the vessel 
opacification and the length of calcified segments showed 
a high intra- and inter-reader agreement. In fact, raw 
concordance values confirm the high level of agreement 
of those categorical variables. Our aim was to propose 
and test a robust and reproducible method that could 
provide an effective indirect marker rather than a physical 
estimation of the calcium within the walls of the breast 
vessels. We are aware about the partial redundancy in 
information content of Nv (number of involved vessels) 

Table 5 Inter-reader reproducibility of discrete variables and total 
semiquantitative score for assessing breast arterial calcifications 
(BAC-SS)

Discrete variables Bias CoR Reproducibility

Number of calcified 
vessels (Nv)

0.070 1.120 38%

BAC-SS 0.211 1.516 64%

Discrete variables were analyzed with Bland-Altman analysis. 
BAC, breast arterial calcif ications; CoR, coefficient of 
repeatability.
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and L (length of BAC segments) variables. Nevertheless, 
we initially decided to keep those variables as separate 
to depict two different scenarios: a woman with a single 
vessel extensively involved by BAC (Nv =1, L >3) and a 
woman with several small calcifications in different vessels  
(N v >1,  L >3) ,  which are  undis t inguishable  when 
considering only the L variable. This will allow us to 
evaluate in future investigations the possible effect of those 
different conditions on cardiovascular risk stratification.

Moreover, to take into account the high variability of 
length measurement over a continuous scale (mm) we 
categorized the continuous measurements into four classes 
according to the quartiles of distribution of BAC length. 
This allowed us to improve measurement reproducibility 
without explicitly define a priori length thresholds, which 
are derived from BAC length distribution nonparametric 
statistics of the analyzed sample. The high inter-reader 
agreement of the length class feature (κ=0.875, P<0.001) 
seems to confirm our assumption.

We also observed that BAC-SS application time for both 
readers was about 2–3 minutes, suitable for integration in 
clinical practice. Of note, the automatization of a time-
consuming task as the calculation of BAC lengths, which 
took an average 1 minute for both readers, could allow for 
even smoother inclusion.

The potential of artificial intelligence for BAC 
detection and quantification has been investigated: a deep 
convolutional neural network was used to discriminate 
BAC from non-BAC pixels (28), reaching a detection ability 
similar to that of human experts, with good performance 
also in calcium mass quantification. Further studies are 
needed to validate these algorithms.

Our study has limitations. First, it is a retrospective 
single-center study on a relatively small number of subjects. 
Second, the two human readers were a resident and a 
medical student who—although adequately trained—
still had limited general experience in medical imaging. 
Nevertheless, agreement rates fell into the highest category 
according to the Landis and Koch classification (29) and 
this is reassuring. Experienced readers may possibly have a 
higher reproducibility, even if, differently from parenchymal 
calcifications deemed to be malignant, in this context, the 
human identification of BAC represents the main source 
of variability (26). Third, a “ground truth” for BAC was 
not applied. It is unlikely that we will ever have prospective 
studies ascertaining arterial calcium burden from surgical 
specimens.

In conclusion, the proposed BAC-SS allowed to quantify 

BAC on mammography with good reproducibility and 
within an acceptable time, allowing for a potential clinical 
translation at a very low cost on a large scale. Prospective 
trials on large population with and without known 
cardiovascular risk and events are needed to prove the 
ability of this score to stratify cardiovascular risk improving 
cardiovascular health in women.
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