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The correlation of deep
learning-based CAD-RADS
evaluated by coronary computed
tomography angiography

with breast arterial calcification
on mammography
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This study sought to evaluate the association of breast arterial calcification (BAC) on breast screening
mammography with the Coronary Artery Disease-Reporting and Data System (CAD-RADS) based

on Deep Learning-coronary computed tomography angiography (CCTA). This prospective single
institution study included asymptomatic women over 40 who underwent CCTA and breast cancer
screening mammography between July 2018 and April 2019. CAD-RADS was scored based on Deep
Learning (DL). Mammograms were assessed visually for the presence of BAC. A total of 213 patients
were included in the analysis. In comparison to the low CAD-RADS (CAD-RADS < 3) group, the high
CAD-RADS (CAD-RADS = 3) group, more often had a history of hypertension (P=0.036), diabetes
(P=0.017), and chronic kidney disease (P=0.006). They also had a significantly higher level of LDL-C
(P=0.024), while HDL-C was lower than in the low CAD-RADS group (P=0.003). BAC was also
significantly higher in the high CAD-RADS group (P=0.002). In multivariate analysis, the presence

of BAC [odd ratio (OR) 10.22, 95% Cl 2.86-36.49, P <0.001] maintained a significant associations

with CAD-RADS after adjustment by meaningful variable. The same tendency was also found after
adjustment by all covariates. There was a significant correlation between the severities of CAD
detected by DL based CCTA and BAC in women undergoing breast screening mammography. BAC may
be used as an additional diagnostic tool to predict the severity of CAD in this population.

Cardiovascular disease (CVD) is now the leading cause of mortality and morbidity worldwide'2. China is under-
going a rapid epidemiological transition with particular implications for the growth of cardiovascular disease with
an estimate of 290 million affected individuals®~. Meanwhile breast cancer affects as many millions of women
as CVD and women are commonly screened for breast cancer using mammography. It is reported that 47.5% of
women aged 40 to 49 and 57.2% of women between 50 and 74 had mammograms in 2011°. However, there is no
routine screening for coronary artery disease (CAD). Moreover, compared to men, women have been shown to
have worse outcome when CAD is confirmed”?.

A robust association has been observed between the presence of breast artery calcifications (BAC) and CVD
since the association was first reported by Van Noord et al. in 1996°. A meta-analysis identified the prevalence
of BAC as 12.7% by screening mammography screening'’. However, this association between BAC and CAD has
been reported only in the US and in other western countries. No evidence exists in the Chinese population link
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Age 58486
Medical history

Chest tightness 91 (42.7)
Chest pain 45 (21.1)
Myocardial infarction 1(0.5)
Angina 25(11.7)
Hypertension 94 (44.1)
Diabetes 42 (19.7)
CKD 25(11.7)
TG 1.59+0.88
TC 5.04+0.99
HDL-C 1.37+0.33
LDL-C 3.11+0.83
Apo-A 1.41£0.25
Apo-B 0.93+0.2
FFA 0.53+0.26
BUN 5.02+1.99
CR 54+15.72

Table 1. Baseline characteristics of patients (n=213). CKD Chronic kidney disease, TG triglyceride, TC total
cholesterol, HDL-CHigh density lipoprotein-C, LDL-C Low density lipoprotein-C, Apo-A Apolipoprotein A,
Apo-B Apolipoprotein B, FFA Free fatty acids, BUN Blood urea nitrogen, CR Creatinine.

BAC to the Coronary Artery Disease-Reporting and Data System (CAD-RADS) in coronary CT angiography
(CCTA).

Deep learning (DL) has been demonstrated the potential clinical application value in radiology!'. Specifically,
the preliminary work of using DL methods to evaluate CAD has been reported recently'2. However, no research
has showed the application of these techniques implemented in CAD-RADS. We aim to develop a DL algorithm
for accuracy assessment of CAD and then, to evaluate the association between BAC on breast screening mam-
mography and CAD-RADS grades based on DL-CCTA in women.

Results
Baseline characteristics of the 213 study participants are shown in Table 1 (mean age: 58 years; range from 40
to 85 years). BAC was found in 22 (10.3%) of the women, while 23 of them were classified as CAD-RADS > 3.

Univariate analysis showed that hypertension (OR 2.63, 95% CI 1.07-6.5, P=0.036), diabetes (OR 3.06,
95% CI 1.22-7.66, P=0.017), chronic kidney disease (OR 4.18, 95% CI 1.52-11.50, P=0.006), high density
lipoprotein-C (HDL-C; OR 0.23, 95% CI 0.09-0.62, P=0.003), low density lipoprotein-C (LDL-C; OR 2.79, 95%
CI 1.15-6.79, P=0.024) and the presence of BAC (OR 5.1, 95% CI 1.82-14.34, P=0.002) were all significant
predictors of CAD-RADS =3 (Table 2).

In multivariate analysis (Table 3), chronic kidney disease (OR 5.33, 95% CI 1.56-18.23, P=0.008), HDL-C
(OR 0.24, 95% CI 0.58-0.76, P=0.015), LDL-C (OR 3.55, 95% CI 1.24-10.16, P=0.018) and the presence of
BAC (OR 10.22, 95% CI 2.86-36.49, P <0.001) maintained significant associations with CAD-RADS after adjust-
ment by meaningful variable, whereas hypertension and diabetes did not. The same tendency was also found
after adjustment by all covariates. BAC offers a high negative predictive value of 91.6% (95% CI 86.8-95.1) and
moderate positive predictive value of 68.2% (95% CI 45.1-86.1).

Discussion

The present study first demonstrates the correlation between BAC on breast screening mammography and
severity of CAD as defined by the DL-based CAD-RADS. In addition, BAC predicted a CAD-RADS score of 3
or greater in women undergoing breast screening mammography.

Previous studies have demonstrated that age is the strongest determinant of survival, whereas sex has con-
flicting and less significant effects on risk'®>. However, in the present study, age was not associated with DL-based
CAD-RADS grades, partly because all the included patients were women and the lower age limit for the popu-
lation was 40. Traditional cardiovascular risk factors such as hypertension and diabetes'®, were significantly
associated with DL-based CAD-RADS grade >3 in univariate analysis. However, there was no significant dif-
ference in multivariate analysis. One possible reason for this difference may be the small sample size. Chronic
kidney disease (CKD) is the most important noncardiac condition associated with CAD which has been found
to influence prognosis'. In multivariate analysis, CKD was detected as an independent risk factor for DL-based
CAD-RADS grade > 3, which was similar to a previous study'. BAC assessed by mammography was evaluated as
a potential risk stratification tool and surrogate marker of CADY. The prevalence of BAC using mammography
varies widely among published studies which range from 10 to 12%'%'%. These differences may be due to the
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OR | 95% CI P value
Age 0.99 | 0.94-1.04 0.673
Chest tightness 1.04 | 0.43-2.48 0.938
Chest pain 22 |0.87-556 | 0.096
Angina 1.69 | 0.53-5.46 0.377
Hypertension 2.63 | 1.07-6.5 0.036
Diabetes 3.06 |1.22-7.66 0.017
CKD 4.18 | 1.52-11.50 | 0.006
TG 1.56 | 0.66-3.82 0.302
TC 0.71 |0.29-1.73 0.456
HDL-C 0.23 | 0.09-0.62 0.003
LDL-C 2.79 | 1.15-6.79 0.024
Apo-A 0.77 | 0.25-2.37 0.643
Apo-B 0.63 |0.22-1.76 0.386
BUN 0.89 |0.68-1.17 0.405
CR 0.98 |0.97-1.03 0.869
BAC 5.1 1.82-14.34 | 0.002

Table 2. Univariate analysis to determine factors associated with CAD-RADS. CKD Chronic kidney disease,
TG triglyceride, TC total cholesterol, HDL-C High density lipoprotein-C, LDL-C Low density lipoprotein-C,
Apo-A Apolipoprotein A, Apo-B Apolipoprotein B, BUN Blood urea nitrogen, CR Creatinine, BAC Breast
arterial calcification.

Model 1 Model 2

OR 95% CI P value OR 95% CI Pvalue
Hypertension 2.72 0.97-7.6 0.056 2.18 0.72-6.62 0.171
Diabetes 2.44 0.85-7.01 0.099 2.32 0.67-8.03 0.185
CKD 533 1.56-18.23 0.008 6.04 1.50-24.30 0.011
HDL-C 0.24 0.08-0.76 0.015 0.27 0.08-0.93 0.037
LDL-C 3.55 1.24-10.16 0.018 8.42 1.98-35.86 0.004
BAC 10.22 2.86-36.49 <0.001 23.85 4.99-113.96 <0.001

Table 3. Multivariate analysis associated with CAD-RADS. CKD Chronic kidney disease, HDL-C High
density lipoprotein-C, LDL-C Low density lipoprotein-C, BAC Breast arterial calcification. Model 1, adjusted
by hypertension, diabetes, CKD, HDL-C, LDL-C; Model 2, adjusted by age, chest tightness, chest pain, angina,
hypertension, diabetes, CKD, TG, TC, HDL-C, LDL-C, Apo-A, Apo-B, BUN, CR.

heterogeneity of the populations. In the present study, the prevalence of detected BAC was 10.3%. However, the
prevalence of BAC has increased over time with technical advancements in mammography’.

Some small studies have suggested that there is no significant association between BAC and CAD?*-*2. How-
ever, multiple studies, including some prospective studies, have demonstrated a strong association between BAC
and CAD or CVD, independent of other known CAD risk factors®?*-%. The differences between studies may be
due to variation in the way the primary outcome of CAD is defined, such as self-report, coronary artery calcifi-
cation on computed tomography, CCTA or chart diagnosis using International Classification of Diseases codes.
Most studies refer either to the absence or presence of BAC or to a grading system (1-4 or 0-3) or an alternative
system enumerating calcified arteries. The calcium score, especially the Agaston Score, has been increasingly
used as an indicator of CAD in CCTA?. However, the correlation between BAC and CAD-RADS grades was
scarcely reported. The main purpose for the CAD-RADS calcification system proposed by the American College
of Radiology was to standardise CCTA reporting and decrease the potential discrepancy between physicians in
the reporting of stenosis. In the present study, our data clearly showed that BAC is associated with CAD-RADS
grade > 3. The mechanism of this may be complex and is incompletely understood. It is important to realise that
the pathogenesis of BAC and CAD are separate and their locations are different. Unlike the intimal location of
CAD calcification, BAC is manifested as calcific sclerosis which is medial in location?’. A recent editorial revealed
that these mechanisms of calcification have modifiable risk factors in common with breast cancer which was
the initial reason for the mammogram?. This indicates that screening mammography could be a potential plat-
form for reducing the risk of both breast cancer and CAD by identifying common risk factors for the separate
pathogenic processes.

CAD-RADS can now guide clinical decision-making using CCTA and may play a significant role in con-
necting lesion detections with optimal patient care. The recent multinational CONFIRM study revealed that
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standardized CCTA reports incorporated with CAD-RADS might promote the development of evidence-based
care post-CCTA?. BAC predicted a CAD-RADS grade >3 in the present study. This was important because a
CAD-RADS grade of 3 or greater suggests consideration of functional evaluation and anti-ischemic or preventa-
tive drugs. A previous small cohort study found a positive correlation between BAC detected by screening mam-
mography on symptomatic women and CAD-RADS score®, which was consistent with our findings. However,
our findings are more widely applicable as the included patients in the present study were not just those with chest
pain, but all women undergoing mammography. Moreover, the CAD-RADS scoring system used in the present
study was based on DL, making determination of CAD-RADS grade by measuring stenosis degree faster, more
objective and repeatable than manual measurement. A previous study demonstrated that automatic calculating
CAD-RADS score using structured reporting platform might play an important role in improving data quality
and supporting standardization of clinical decision-making®'. However, CAD-RADS category determined by
the reporting platform was based on the data provided by the readers, although that remained hidden to the
readers. DL algorithms have been widely used in the optimization of CCTA information extraction. For example,
Kang et al. found a two-step DL algorithm based on CCTA had an high accuracy of 94% for detection of non-
obstructive and obstructive CAD'2 Furthermore, fractional flow reserve (FFR¢r) computed by DL from CCTA
features showed incremental predictive value for the risk of future adverse events®*->*.

Several limitations of the present study should be acknowledged. First, this was a retrospective analysis of a
relatively small sample size from a single center. Due to the small sample size of positive patients, we were unable
to analyse the diagnostic performance of BAC with stratification by symptoms or CKD. Prospective multicentre
studies of large samples will be need to enhance the application of CAD-RADS among cardiologists and radi-
ologists. Second, in order to restrict our analysis to patients without previously known CAD, we did not include
CAD-RADS modifiers to describe patients with stents (modifier S), vulnerable plaque features (modifier V), or
grafts (modifier G). Further studies should include more patients in the training set and testing of DL to improve
the CAD-RADS classification scheme. Finally, BAC was only described as absent or present in the current study;
more precise BAC quantification or a semi-quantitative scale would be useful.

Conclusion

We found a significant correlation between the severity of CAD detected by DL and the presence of BAC in
women undergoing breast screening mammography. BAC, diabetes and LDL-C may be used as additional diag-
nostic criteria to predict the severity of CAD in this population. Further studies are warranted to evaluate whether
the evaluation of BAC in women undergoing breast screening mammography translates into long-term clinical
benefits.

Materials and methods

This retrospective study was approved by the Central Hospital of Wuhan, Tongji Medical College, Huazhong
University of Science and Technology. We confirmed that all methods were performed in accordance with the
related guidelines and the principles of the Declaration of Helsinki. This study was approved by the ethics com-
mittee of the Central Hospital of Wuhan, Tongji Medical College, Huazhong University of Science and Technol-
ogy. All participants gave written informed consent.

Study population. The institution’s Picture Archive and Communication System (PASC) were searched for
female patients who were underwent both digital screening mammogram examination and DL-CCTA with an
interval of less than 30 days from July 2018 to April 2019. Patients aged less than 40 were excluded, and patients
with incomplete records, poor image quality, CABG, PCI and breast surgery history were also excluded. At last,
a total of 213 women were included for analysis (Fig. 1). Demographic, medical history and biochemical indica-
tors were collected and analyzed.

Mammograms and CCTA images acquisition and analysis. Screening mammograms were per-
formed with standard 2-view (craniocaudal and mediolateral oblique) using a full-field digital mammography
system (Planmed Nuance, Planmed Oy, Helsinki, Finland). Retrospective review of the mammograms was
performed by a breast radiologist with 10 years of experience, which was blinded to the clinical information
and CCTA results. BAC was defined as vascular calcium deposition which was often observed as radio-opaque
parallel or tubular tracks in the artery in one or both breasts®. In the present study, the evaluation of BAC was
categorized as “0, absent” or “1, present”.

Multidetector row CT imaging was performed with dual-source CT scanner (Somatom Definition, Siemens
Medical Solutions, Forchheim, Germany) which has been reported previously*®. Heart rate control (HR > 65
beats/min) was performed with beta-blockers before the scan. Scanning parameters were as following: Detector
collimation 128 x 2 x 6 mm, tube voltage 120 kV, tube current 280 mAs. For contrast enhancement, 60-80 mL
of iopromide (370mgl/mL, Bayer Schering Pharma, Germany) followed by 30-40 mL of pure saline with a
flow rate of 4-5 mL/s. The iodine contrast agent was automatically triggered into descending aorta of 100 HU
threshold units. Then the scanning was performed during an inspiratory breath hold of 8 to 14 s after delay of
2 s. The reconstruction images were automatic send to a workstation (CoronaryDoc, Shukun technology, Beijing,
China) equipped with coronary analysis software tool (Computer Aided Diagnosis of Coronary Artery, Shukun
technology, Beijing, China).
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Figure 1. Flow chart showing inclusion of patients in the present study. DL-CCTA deep learning coronary
computed tomography angiography, MG mammography, CABG coronary artery bypass graft, PCI percutaneous
coronary intervention.

DL model. Dataset. A total of consecutive 2000 coronary CT angiography (CCTA) examinations were
included in this study. Exclusion criteria included PCI or CABG surgery, poor quality images. In the model
training process, the data were randomly spitted into three sets (the training set, validation set and test set) with a
3:1:1 ratio. The training set, validation set and test set were used for training model, tuning model and evaluating
model performance respectively. This diagnostic performance of this system has been validated and reported in
a recent published work®.

Image labeling.  Before training, the aorta, coronary artery and plaques were labeled on each image by a multi-
layer manually annotation system consisting of multiple layers of trained graders. The first layer of graders is
comprised of radiologists who had knowledge of medical imaging and coronary anatomy. The second layer
of graders is comprised of radiologists with more than three years of work experience in radiology, which is
a preliminary inspection of the accuracy of the label. The third and final layer of graders was consistence of
experienced experts with over five years of work experience who verify the correctness of label of each image.

Auto coronary segmentation and stenosis detection. 'The process of our proposed Deep Convolutional Neural
Network mainly contained two steps:

(1) Coronary tree segmentation. In this study, we adopted an improved 3-dimensional(3D) U-Net architecture
added a Bottle-Neck design for segmentation coronary arteries and aorta, then a Growing Iterative Prediction
Network (GIPN) model was developed to solve the problem of vascular segmentation fracture, final the full
coronary tree segmentation was obtained. The original 3D U-net architecture has four layers for encoder and
decoder respectively, to improve the architecture of 3D U-net, we added a bottle-neck design between each
two layers of 3D U-net, the bottle-neck design used 1x1, 3 x3 and 1 x 1 convolutions. The improved 3D U-Net
architecture totally had 33 layers. The GIPN model used a crop size of 64 x 64 x 64 for fracture sites of vascular
segmentation and applied 3D U-net architecture for repairing the fractures.

(2) Stenosis detection. Based on coronary tree segmentation, multiple planner reformat (MPR), curve plannar
reformat (CPR), maximum intensity projection (MIP) and volume rendering (VR) images were reconstructed.
To detect stenosis, we developed a 3D segmentation neural network and a one-dimensional sequence checking
hybrid technique. Firstly, a 3D segmentation neural network was applied to MRP and CPR images to detect
stenosis, and then a one-dimensional sequence checking algorithm was used to reduce false positive results.

Last, the structured report was showed based the model. The CAD-RADS category was shown based on the
structured report (Fig. 2).

Statistical analysis. Continuous variables were presented as mean + SD, and categorical variables were pre-
sented as frequencies and percentages. Quantitative data were compared using Student’s t test, chi-square test,
and Fisher exact test, as appropriate. Univariate logistic analysis was performed to examine the effects of vari-
ous characteristics on CAD-RADS > 3. Multivariate logistic analysis were performed to evaluate whether BAC
and clinical variables maintained independent associations with CAD-RADS >3 with adjusted variables using
the enter method. Results were shown as odds ratio (OR) and corresponding 95% CI. A 2-sided of P<0.05 was
considered as statistically significant. All statistical analysis was performed using SPSS version 13 (SPSS, Inc.,
Chicago, IL).
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Figure 2. Patients’ of CAD-RADS grades evaluated by DL-based CCTA and BAC detected on breast mammograms. (A-D):
Patient with CAD-RADS grade 0 (A, B) with absence of BAC (C, D). (E-H): Patient with CAD-RADS grade 1 (E, F) with
absence of BAC (G, H). (I-L): Patient with CAD-RADS grade 2 (I, J) with absence of BAC (K, L). (M-P): Patient with CAD-
RADS grade 3 (M, N) with presence of BAC (O, P). (Q-T): Patient with CAD-RADS grade 4A (Q, R) with presence of BAC
(S, T). (U-X): Patient with CAD-RADS grade 4B (U, V) with presence of BAC (W, X). (Y-b): Patient with CAD-RADS grade
5 (Y, Z) with presence of BAC (a, b). Red arrows indicate coronary stenosis or occlusion and yellow arrows indicate BAC.
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Data availability
The datasets generated during and analyzed during the current study are available from the corresponding author
on reasonable request.

Received: 29 August 2019; Accepted: 18 June 2020
Published online: 13 July 2020

References

1.

ol

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

DALYs, G. B. D. & Collaborators, H. Global, regional, and national disability-adjusted life-years (DALYs) for 315 diseases and
injuries and healthy life expectancy (HALE), 1990-2015: a systematic analysis for the Global Burden of Disease Study 2015. Lancet
388, 1603-1658. https://doi.org/10.1016/S0140-6736(16)31460-X (2016).

. Mortality, G. B. D. & Causes of Death, C, ,. Global, regional, and national life expectancy, all-cause mortality, and cause-specific

mortality for 249 causes of death, 1980-2015: a systematic analysis for the Global Burden of Disease Study. Lancet 388(1459-1544),
2016. https://doi.org/10.1016/S0140-6736(16)31012-1 (2015).

. Yang, G. et al. Emergence of chronic non-communicable diseases in China. Lancet 372, 1697-1705. https://doi.org/10.1016/S0140

-6736(08)61366-5 (2008).

. Diseases, N. C. f. C. Report on cardiovascular diseases in China. (2014).
. Yang, G. et al. Rapid health transition in China, 1990-2010: findings from the Global Burden of Disease Study 2010. Lancet 381,

1987-2015. https://doi.org/10.1016/S0140-6736(13)61097-1 (2013).

. Pace, L. E., He, Y. & Keating, N. L. Trends in mammography screening rates after publication of the 2009 US Preventive Services

Task Force recommendations. Cancer 119, 2518-2523. https://doi.org/10.1002/cncr.28105 (2013).

. Coronado, B. E., Griffith, J. L., Beshansky, J. R. & Selker, H. P. Hospital mortality in women and men with acute cardiac ischemia:

a prospective multicenter study. J. Am. Coll. Cardiol. 29, 1490-1496 (1997).

. Hasdai, D. et al. Effect of gender on outcomes of acute coronary syndromes. Am. J. Cardiol. 91, 1466-1469 (2003).
. van Noord, P. A,, Bejjerinck, D., Kemmeren, J. M. & van der Graaf, Y. Mammograms may convey more than breast cancer risk:

breast arterial calcification and arterio-sclerotic related diseases in women of the DOM cohort. Eur. J. Cancer Prev. 5, 483-487
(1996).

Hendriks, E. J. et al. Breast arterial calcifications: a systematic review and meta-analysis of their determinants and their association
with cardiovascular events. Atherosclerosis 239, 11-20. https://doi.org/10.1016/j.atherosclerosis.2014.12.035 (2015).

ATAref, S. J. et al. Clinical applications of machine learning in cardiovascular disease and its relevance to cardiac imaging. Eur.
Heart J. https://doi.org/10.1093/eurheartj/ehy404 (2018).

Kang, D. et al. Structured learning algorithm for detection of nonobstructive and obstructive coronary plaque lesions from com-
puted tomography angiography. J. Med. Imaging 2, 014003. https://doi.org/10.1117/1.JM1.2.1.014003 (2015).

Buckley, B. S., Simpson, C. R., McLernon, D. J., Murphy, A. W. & Hannaford, P. C. Five year prognosis in patients with angina
identified in primary care: incident cohort study. BMJ 339, b3058. https://doi.org/10.1136/bm;j.b3058 (2009).

Fihn, S. D. et al. 2012 ACCF/AHA/ACP/AATS/PCNA/SCAI/STS guideline for the diagnosis and management of patients with
stable ischemic heart disease: a report of the American College of Cardiology Foundation/American Heart Association task
force on practice guidelines, and the American College of Physicians, American Association for Thoracic Surgery, Preventive
Cardiovascular Nurses Association, Society for Cardiovascular Angiography and Interventions, and Society of Thoracic Surgeons.
Circulation 126, e354-471. https://doi.org/10.1161/CIR.0b013e318277d6a0 (2012).

Weiner, D. E. et al. Kidney disease as a risk factor for recurrent cardiovascular disease and mortality. Am. J. Kidney Dis. 44, 198-206
(2004).

Brainin, P, Frestad, D. & Prescott, E. The prognostic value of coronary endothelial and microvascular dysfunction in subjects with
normal or non-obstructive coronary artery disease: a systematic review and meta-analysis. Int. J. Cardiol. 254, 1-9. https://doi.
0rg/10.1016/j.ijcard.2017.10.052 (2018).

Iribarren, C. & Molloi, S. Breast arterial calcification: a new marker of cardiovascular risk?. Curr. Cardiovasc. Risk Reports 7,
126-135. https://doi.org/10.1007/s12170-013-0290-4 (2013).

Leinster, S. J. & Whitehouse, G. H. Factors which influence the occurrence of vascular calcification in the breast. Br. J. Radiol. 60,
457-458. https://doi.org/10.1259/0007-1285-60-713-457 (1987).

Bui, Q. M. & Daniels, L. B. A review of the role of breast arterial calcification for cardiovascular risk stratification in women.
Circulation 139, 1094-1101. https://doi.org/10.1161/CIRCULATIONAHA.118.038092 (2019).

Penugonda, N., Billecke, S. S., Yerkey, M. W,, Rebner, M. & Marcovitz, P. A. Usefulness of breast arterial calcium detected on mam-
mography for predicting coronary artery disease or cardiovascular events in women with angina pectoris and/or positive stress
tests. Am. J. Cardiol. 105, 359-361. https://doi.org/10.1016/j.amjcard.2009.09.039 (2010).

Zgheib, M. H. et al. Breast arterial calcifications on mammograms do not predict coronary heart disease at coronary angiography.
Radiology 254, 367-373. https://doi.org/10.1148/radiol.09090102 (2010).

Sedighi, N. et al. Breast arterial calcification and risk of carotid atherosclerosis: focusing on the preferentially affected layer of the
vessel wall. Eur. J. Radiol. 79, 250-256. https://doi.org/10.1016/j.ejrad.2010.04.007 (2011).

Chadashvili, T., Litmanovich, D., Hall, F. & Slanetz, P. J. Do breast arterial calcifications on mammography predict elevated risk
of coronary artery disease?. Eur. J. Radiol. 85, 1121-1124. https://doi.org/10.1016/j.ejrad.2016.03.006 (2016).

Yoon, Y. E. et al. Prediction of subclinical coronary artery disease with breast arterial calcification and low bone mass in asymp-
tomatic women: registry for the women health cohort for the BBC Study. JACC Cardiovasc. Imaging https://doi.org/10.1016/j.
jemg.2018.07.004 (2018).

Margolies, L. et al. Digital mammography and screening for coronary artery disease. JACC. Cardiovasc. Imaging 9, 350-360. https
://doi.org/10.1016/j.jcmg.2015.10.022 (2016).

Newallo, D. et al. Mammographic detection of breast arterial calcification as an independent predictor of coronary atherosclerotic
disease in a single ethnic cohort of African American women. Atherosclerosis 242, 218-221. https://doi.org/10.1016/j.atheroscle
r0sis.2015.07.004 (2015).

Proudfoot, D. & Shanahan, C. M. Biology of calcification in vascular cells: intima versus media. Herz 26, 245-251 (2001).
Polonsky, T. S. & Greenland, P. Breast arterial calcification: expanding the reach of cardiovascular prevention. Circulation 135,
499-501. https://doi.org/10.1161/CIRCULATIONAHA.116.025277 (2017).

Xie, J. X. et al. The coronary artery disease-reporting and data system (CAD-RADS): prognostic and clinical implications associ-
ated with standardized coronary computed tomography angiography reporting. JACC. Cardiovasc. Imaging 11, 78-89. https://doi.
0rg/10.1016/j.jcmg.2017.08.026 (2018).

Kelly, B. S. et al. Breast Arterial Calcification on screening mammography can predict significant Coronary Artery Disease in
women. Clin. Imaging 49, 48-53. https://doi.org/10.1016/j.clinimag.2017.10.021 (2018).

Szilveszter, B. et al. Structured reporting platform improves CAD-RADS assessment. J. Cardiovasc. Comput. Tomogr. 11, 449-454.
https://doi.org/10.1016/j.jcct.2017.09.008 (2017).

SCIENTIFIC REPORTS |

(2020) 10:11532 | https://doi.org/10.1038/s41598-020-68378-4


https://doi.org/10.1016/S0140-6736(16)31460-X
https://doi.org/10.1016/S0140-6736(16)31012-1
https://doi.org/10.1016/S0140-6736(08)61366-5
https://doi.org/10.1016/S0140-6736(08)61366-5
https://doi.org/10.1016/S0140-6736(13)61097-1
https://doi.org/10.1002/cncr.28105
https://doi.org/10.1016/j.atherosclerosis.2014.12.035
https://doi.org/10.1093/eurheartj/ehy404
https://doi.org/10.1117/1.JMI.2.1.014003
https://doi.org/10.1136/bmj.b3058
https://doi.org/10.1161/CIR.0b013e318277d6a0
https://doi.org/10.1016/j.ijcard.2017.10.052
https://doi.org/10.1016/j.ijcard.2017.10.052
https://doi.org/10.1007/s12170-013-0290-4
https://doi.org/10.1259/0007-1285-60-713-457
https://doi.org/10.1161/CIRCULATIONAHA.118.038092
https://doi.org/10.1016/j.amjcard.2009.09.039
https://doi.org/10.1148/radiol.09090102
https://doi.org/10.1016/j.ejrad.2010.04.007
https://doi.org/10.1016/j.ejrad.2016.03.006
https://doi.org/10.1016/j.jcmg.2018.07.004
https://doi.org/10.1016/j.jcmg.2018.07.004
https://doi.org/10.1016/j.jcmg.2015.10.022
https://doi.org/10.1016/j.jcmg.2015.10.022
https://doi.org/10.1016/j.atherosclerosis.2015.07.004
https://doi.org/10.1016/j.atherosclerosis.2015.07.004
https://doi.org/10.1161/CIRCULATIONAHA.116.025277
https://doi.org/10.1016/j.jcmg.2017.08.026
https://doi.org/10.1016/j.jcmg.2017.08.026
https://doi.org/10.1016/j.clinimag.2017.10.021
https://doi.org/10.1016/j.jcct.2017.09.008

www.nature.com/scientificreports/

32. Tesche, C. et al. Coronary CT angiography-derived fractional flow reserve. Radiology 285, 17-33. https://doi.org/10.1148/radio
1.2017162641 (2017).

33. Duguay, T. M. et al. Coronary computed tomographic angiography-derived fractional flow reserve based on machine learning for
risk stratification of non-culprit coronary narrowings in patients with acute coronary syndrome. Am. J. Cardiol. 120, 1260-1266.
https://doi.org/10.1016/j.amjcard.2017.07.008 (2017).

34. Itu, L. et al. A machine-learning approach for computation of fractional flow reserve from coronary computed tomography. J.
Appl. Physiol. 121, 42-52. https://doi.org/10.1152/japplphysiol.00752.2015 (2016).

35. Quispe, R. et al. Breast arterial calcium: a game changer in women’s cardiovascular health?. JACC Cardiovasc. Imaging https://doi.
org/10.1016/j.jcmg.2018.07.035 (2019).

36. Huang, Z. et al. Evaluation of LVDD by CCTA with dual-source CT in type 2 diabetes mellitus patients. Curr. Med. Imaging 16,
214-223. https://doi.org/10.2174/1573405615666191126101454 (2020).

37. Chen, M. et al. (2020) Diagnostic performance of deep learning-based vascular extraction and stenosis detection technique for
coronary artery disease. Br. J. Radiol. https://doi.org/10.1259/bjr.20191028 (2020).

Acknowledgements
This work was supported by the Natural Science Foundation of Hubei Province (2013CFB376, 2018 CFB095)
and Scientific Research Project of Wuhan Municipal Health Commission (WX2019B02).

Author contributions

Study concepts: XW, STZ Study design: X.W., Z.EH., ].W.X., Data acquisition and analysis: Z.W., Z.Q.L., Statis-
tical analysis: X.L., Z.EH., Manuscript preparation: X.W., Z.EH., S.T.Z., Y.H., Manuscript editing and review:
X.W, YLX.

Competing interest
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.Z. or X.W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:11532 | https://doi.org/10.1038/s41598-020-68378-4


https://doi.org/10.1148/radiol.2017162641
https://doi.org/10.1148/radiol.2017162641
https://doi.org/10.1016/j.amjcard.2017.07.008
https://doi.org/10.1152/japplphysiol.00752.2015
https://doi.org/10.1016/j.jcmg.2018.07.035
https://doi.org/10.1016/j.jcmg.2018.07.035
https://doi.org/10.2174/1573405615666191126101454
https://doi.org/10.1259/bjr.20191028
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The correlation of deep learning-based CAD-RADS evaluated by coronary computed tomography angiography with breast arterial calcification on mammography
	Anchor 2
	Anchor 3
	Results
	Discussion
	Conclusion
	Materials and methods
	Study population. 
	Mammograms and CCTA images acquisition and analysis. 
	DL model. 
	Dataset. 
	Image labeling. 
	Auto coronary segmentation and stenosis detection. 

	Statistical analysis. 

	References
	Acknowledgements


