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Application: Cardiovascular disease

Leading cause of death and disability worldwide

(Fatal) CVD event (heart infarction, stroke) is often first manifestation of CVD

Subclinical signs of the CVD presence are often visible in medical images as requested or unrequested finding

Current clinical workflow that requires manual image analysis allows limited detection
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Coronary artery disease

A type of cardiovascular disease caused by 
plaque build-up (calcified, non-calcified)
in the coronary arteries

Amount of coronary calcifications 
(calcium score) is a strong and 
independent predictor of 
myocardial infarction1





1Yeboah et al. JAMA. 2012 Aug 22;308(8):788-95. 



Calcifications in the coronaries are routinely quantified in cardiac calcium scoring CT

Reporting the CAC burden on all non-contrast CT examinations is endorsed by a joint guideline from the Society of Cardiovascular Computed Tomography and the Society of Thoracic Radiology1

Atherosclerosis is a systemic disease

Extracoronary calcifications (e.g. in the aorta, heart valves) indicate increased risk of CVD and all-cause mortality2,3,4






1Hecht et al. 2016. J Cardiovasc Comput Tomogr. 2017;11(1):74-84.		3Jacobs et al. Atherosclerosis. 2010 Apr;209(2):455-62. 
2Willemink et al. Int J Cardiovasc Imaging. 2015 Aug;31(6):1243-9		4Tison et al. J Cardiovasc Comput Tomogr. 2015;9(5):406-14

Coronary artery disease




Calcium scoring in lung screening CT
CVD is a leading cause of death in heavy smokers1
Chest CT acquired
For lung visualization



1Aberle et al., N Engl J Med. 2011;365(5):395-409








Calcium scoring
CVD is a leading cause of death in heavy smokers1
Chest CT acquired
For lung visualization
Shows heart and large vessels
Calcium can be identified and quantified 



1Aberle et al., N Engl J Med. 2011;365(5):395-409







Calcium scoring
N. Lessmann et al. IEEE Trans Med Imaging. 2018;37(2):615-625
 

A method that automatically segments and quantifies calcifications in coronary arteries, aorta, aortic and mitral valves in low-dose chest CT



Calcium scoring in low-dose chest CT
1687 chest CT scans from the National Lung Screening Trial (NLST)
31 hospitals; 13 different CT scanners
CVD risk categories:  I: 0-10; II: 11-100; III: 101-1000; IV: >100


Excellent reliability (κ=0.91) enables
use in screening with 
low-dose chest CT







		I	II	III	IV
	I	147	22	4	0
	II	3	83	10	0
	III	1	3	167	5
	IV	0	0	2	59

Reference
Automatic
N. Lessmann et al. IEEE Trans Med Imaging. 2018;37(2):615-625
 



General challenges

Image artifacts

Quality and availability of the reference standard

Clinical implementation
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Image artifacts

Interpretability may be hampered by various artifacts
Image noise 
Insufficient image resolution
Motion artifacts (subject motion, cardiac motion, breathing)






Interscan variability of CVD risk prediction
Interscan variability of calcium scoring is substantial
Up to 18% for volume in dedicated cardiac CT2
Up to 61% for volume and 71% for Agatston score in chest CT3 

Variability caused by
Image noise
Partial volume effect (image resolution)
Artifacts caused by cardiac motion
Blooming artifacts
Definition of the lesions (Intensity value thresholding used for segmentation)



2Mao et al, Radiology, 2001;220(3):707-11
3Jacobs et al, AJR Am J Roentgenol, 194(5):1244-1249, 2010



Interscan variability of CVD risk prediction
Interscan variability of calcium scoring is substantial
Up to 18% for volume in dedicated cardiac CT2
Up to 61% for volume and 71% for Agatston score in chest CT3 

Variability caused by
Image noise
Partial volume effect (image resolution)
Artifacts caused by cardiac motion
Blooming artifacts
Definition of the lesions (Intensity value thresholding used for segmentation)



2Mao et al, Radiology, 2001;220(3):707-11
3Jacobs et al, AJR Am J Roentgenol, 194(5):1244-1249, 2010



Calcium scoring in cardiac CT


0.9 mSv
Calcium score: 200
JM Wolterink et al. IEEE Trans Med Imaging. 2017 Dec;36(12):2536-2545





Calcium scoring in cardiac CT
0.2 mSv
Calcium score: >10,000
JM Wolterink et al. IEEE Trans Med Imaging. 2017 Dec;36(12):2536-2545



Unpaired training data
Two separate acquisitions
Use self-regularization on noise





JM Wolterink et al. IEEE Trans Med Imaging. 2017 Dec;36(12):2536-2545
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Result




0.9  0.2 mSv
JM Wolterink et al. IEEE Trans Med Imaging. 2017 Dec;36(12):2536-2545



Interscan variability of CVD risk prediction
Interscan variability of calcium scoring is substantial
Up to 18% for volume in dedicated cardiac CT2
Up to 61% for volume and 71% for Agatston score in chest CT3 

Variability caused by
Image noise
Partial volume effect (image resolution)
Artifacts caused by cardiac motion
Blooming artifacts
Definition of the lesions (Intensity value thresholding used for segmentation)



2Mao et al, Radiology, 2001;220(3):707-11
3Jacobs et al, AJR Am J Roentgenol, 194(5):1244-1249, 2010
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1st scan
2nd scan (3 months later)
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Agatston score : 585
Risk category: Highest
Agatston score : 99
Risk category: Intermediate
1st scan
2nd scan (3 months later)



Calcium scoring: Reproducibility


Van Velzen et al, SPIE Medical Imaging 2020, in press







Attenuation of CAC



Calcium scoring: Reproducibility
We aim to find CAC by removing
lesions from the image
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D
G
D

CAC domain 
noCAC domain 
Van Velzen et al, SPIE Medical Imaging 2020, in press




24




GenR


DR
real or synthetic?
real CAC
CAC map
synthetic noCAC
real noCAC
Removing
 CAC
Van Velzen et al, SPIE Medical Imaging 2020, in press
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GenR





DR
real or synthetic?
GenS

DS

real or synthetic?
real noCAC
real CAC
CAC map
Removing
 CAC
Synthesizing
CAC
Van Velzen et al, SPIE Medical Imaging 2020, in press
real CAC
CAC map
synthetic noCAC
real noCAC
synthetic CAC
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Results
Scan 1

Clinical
Proposed



Van Velzen et al, SPIE Medical Imaging 2020, in press
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Clinical
Proposed








Scan 2
Van Velzen et al, SPIE Medical Imaging 2020, in press



Results
(%)
Relative scan-rescan differences CAC pseudo mass
Van Velzen et al, SPIE Medical Imaging 2020, in press



Clinical	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	200	200	200	200	200	200	1.2062726176115801	160.15325670498083	164.65237166991554	26.086956521739129	175.32580364900087	116.50038372985418	81.232492997198875	85.052843482637144	20.12607985057203	25.146579804560261	17.728082968724681	20.40358744394619	24.937027707808564	26.296296296296298	48.929011079195732	13.9957009792214	23.428988118217305	114.18193303853442	63.71432796096407	18.255156608097785	7.1254031863942915	105.32681166570345	17.274391208393904	26.170021399993797	Proposed	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	13.47557640012165	192.89345077941005	170.34721981576067	199.48958668295532	56.692017948927905	45.884260961982442	19.505896169693674	57.924655160415426	57.820064291102092	2.4884177703636223	45.061180487740259	21.792856782158349	40.743372604022028	40.370378447853462	32.039986242248375	13.06789368028778	41.299333894645201	41.710560157514124	7.7797814595430115	14.220074934418799	74.418729944477974	14.379760887364922	47.354604032340667	56.345013390142988	59.063631068360628	6.0234037016520556	13.71144978829601	59.301918170467218	21.631301026356279	39.361138551817994	



General challenges

Image artifacts

Quality and availability of the reference standard

Clinical implementation
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Reference standard

Gold standard often not available/obtainable
Manual annotations/decisions are often used instead 
Prone to intra- and inter-observer variability
Prone to inter-scan variability




Cardiac anatomy & function	
CT exams are used to analyze coronary arteries and MR exams are used to analyze cardiac function

Can more information be extracted from CT?



Non-Contrast-Enhanced Cardiac CT
Non-Contrast CT (NCCT):

Primarily used for calcium scoring

(Manual) delineation of cardiac structures 
unfeasible



Bruns et al. MIDL 2019




Virtual non-contrast (VNC) CT

without contrast
enhancement
NCCT



with contrast enhancement
VNC
CCTA

perfectly aligned













with contrast enhancement
without contrast
enhancement
CCTA
VNC
VNC
NCCT
manual 
anno-tation
training
testing
CNN
CNN









Bruns et al. MIDL 2019
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Datasets
		Derivation cohort	Validation cohort
	Images	CLARITY study (18 patients):
Philips IQon (spectral CT)
CCTA + VNC images
NCCT images (thin slices)	UMC CT images (218 patients):
Philips Brilliance iCT
CCTA images
NCCT images (thin slices)
orCaScore (72 patients):
Philips, Siemens, GE, Toshiba scanners
CCTA images
NCCT images (thick slices)
	Annotations
(on CCTA)	Left ventricular (LV) cavity, right ventricle, left atrium, right atrium, LV myocardium, aorta, pulmonary artery	None

Bruns et al. MIDL 2019
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Bruns et al. MIDL 2019
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General challenges

Quality and availability of the reference standard

Image artifacts

Clinical implementation
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Task specific implementation	
Each automatic method may have its characteristics regarding errors
May be biased to the manually defined reference
May ne biased to population/image acquisition hardware used in development


In clinic various kinds of images are evaluated for different purpose





Attenuation correction CT
Cardiac CT
Chest CT
Radiotherpy planning CT



Van Velzen et al. in press
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Calcium scoring
N. Lessmann et al. IEEE Trans Med Imaging. 2018;37(2):615-625
 

A method that automatically segments and quantifies calcifications in coronary arteries, aorta, aortic and mitral valves in low-dose chest CT






Attenuation correction CT
Cardiac CT
Chest CT
Radiotherpy planning CT
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5-year risk of 
CVD (fatal) event
Analysis
P. Jacobs et al. American Journal of Roentgenology 198(3): 505-511 (2012).
C. Chiles et al, Radiology 276(1): 82-90 (2015).
O. Mets et al. JACC: Cardiovascular Imaging 6(8): 899-907 (2013).
B. De Vos et al. SPIE Medical Imaging 2015, 9414, 94140D


 
Prediction of CVD mortality
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		C-statistic
	Subject characteristics	0.69

	Subject characteristics
+ total CAC	0.72
	Proposed Image feats	0.74
	Subject characteristics
+ proposed feats	0.76

BD de Vos et al, under review
Prediction of 5-year mortality
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Images may contain yet unknown features important for prediction 
of CVD mortality





5-year risk of 
CVD (fatal) event
CNN
Prediction of 5-year mortality
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S. Van Velzen et al, SPIE Medical Imaging 2019
*X. Hou et al, IEEE Winter Conference on Applications of Computer Vision (WACV), 2017; 1133-1141.
Direct prognosis: 5-year mortality
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S. Van Velzen et al, SPIE Medical Imaging 2019




1583 NLST participants (395 non-survivors)


Direct prognosis: 5-year mortality
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Discussion & Conclusion
In the development of automatic methods analyzing medical images it is important to
Question what problem needs to be solved and whether current process can be improved
Consider clinical implementation




Thank you!
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