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● CAD is the most common type of heart disease in the world

○ Approximately 400 000 fatalities were caused by CAD in US (2017)

● CAD is usually caused by the buildup of cholesterol and fatty deposits (called 

plaques) inside the arteries, which will limit or stop blood flow to the heart

Coronary Artery Disease (CAD)
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[1] Coronary Artery Disease. (n.d.). Cleveland Clinic. https://my.clevelandclinic.org/health/diseases/16898-coronary-artery-disease
[2] https://www.healio.com/cardiology/learn-the-heart/cardiology-review/patients/what-is-coronary-artery-disease-information-for-patients
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● Catheter is inserted into the artery/vein

● Dye is injected into catheter
○ Tracking blood flow

○ Stenosis/ buildup

● INVASIVE

● Does not apply to all age groups
○ Radiation, reactions

● Expensive ($4-6K)

Cardiac Catheterization/angiogram

[1] https://www.mayoclinic.org/tests-procedures/cardiac-catheterization/about/pac-20384695



● ECG is a simple test that can be used to check the heart’s electrical 
activity

● ECG signals are nonstationary and nonlinear in nature
● Noise: baseline wander (low freq.) and muscle tremors (high freq.)

○ Denoising
● Accuracy of diagnosis is highly dependent on physician’s training and 

knowledge (12 million people are misdiagnosed each year)

Electrocardiogram (ECG) in CAD diagnosis
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[1] https://www.verywellhealth.com/the-electrocardiogram-ecg-1745304
[2] https://www.cvphysiology.com/Arrhythmias/A009

https://www.verywellhealth.com/the-electrocardiogram-ecg-1745304
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● HRV measures the variation of heart beat from beat to beat 

Heart rate variability (HRV) as an indicator of CAD

https://www.firstbeat.com/en/blog/what-is-heart-rate-variability-hrv/

HRVECG signal Instantaneous heart rate

Unit: bpm

● CAD patients exhibit altered HRV in multiple aspects

○ Reduced rhythm of HRV

○ Reduction of low frequency and high frequency power

○ Reduced magnitude of HRV in time-frequency domain

Dua, S., Du, X., Sree, S. V., & VI, T. A. (2012). Novel classification of coronary artery disease using heart rate variability analysis. Journal of Mechanics in Medicine and 
Biology, 12(04), 1240017.



MDS approach for automated CAD diagnosis

©W. K. Liu, Northwestern Univ. 2021, 6

Raw ECG signals from 

PhysioNet

Data preparation with 

data balance

ECG denoising

R-peaks detection

Time-freq domain

Support Vector 

Machine

Data collection

Feature 

extraction

Classification

Automated diagnosis 

mini-app
System & design

Heart rate variability

Frequency domain

Time domain



● Open source data from PhysioNet (a physiological database)
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Data Collection (import raw data)

② St Petersburg database

○ 7 CAD patients

○ 30 min ECG signals

○ 257 Hz

① Fantasia database

○ 40 healthy subjects

○ 120 min ECG signals

○ 250 Hz

ECG signal in the database (segment): in special format

PyECG library

Import raw ECG 

Data balance 

ECG denoising

R-peaks detection

Heart rate variability
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Data Collection (data balance)

② St Petersburg database

○ 7 CAD patients

○ 30 min ECG 

○ 257 Hz

○ 12 signals for each

① Fantasia database

○ 40 healthy subjects

○ 120 min ECG 

○ 250 Hz

○ 1 signal for each

● Upsample the signals in Fantasia from 250Hz → 

257Hz

● Utilize most data provided to maximize efficiency 

of finalised diagnosis

● Segment data into 10 minute intervals to ensure 

corrupted spikes of ECGs are not involved in the 

HRV calculations

● Utilize overlapping techniques to find 

appropriate intervals for HRV analysis

Methods:

Import raw ECG 

Data balance 

ECG denoising

R-peaks detection

Heart rate variability

Sridhar, C., Acharya, U. R., Fujita, H., & Bairy, G. M. (2016, October). Automated diagnosis of Coronary Artery Disease using nonlinear features extracted from ECG 
signals. In 2016 IEEE International Conference on Systems, Man, and Cybernetics (SMC) (pp. 000545-000549). IEEE.
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Data Collection (data denoising)

● Baseline wander: caused by respiration, movements or electrode contact

○ Butterworth high-pass filter (>0.3Hz)

● Electromyographic noise: caused by electrical activity of skeletal muscles

○ Butterworth low-pass filter (<15Hz)

filtering

Maggio, A. C. V., Bonomini, M. P., Leber, E. L., & Arini, P. D. (2012). Quantification of ventricular repolarization dispersion using digital processing of the surface ECG. 
Advances in Electrocardiograms-Methods and Analysis.

ECG signals should be denoised before extracting R peaksImport raw ECG 

Data balance 

ECG denoising

R-peaks detection

Heart rate variability
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Data Collection (R-peaks detection and HRV)

R peaks are detected to derive the heart rate variability curve

Lourenço, A., Silva, H., Leite, P., Lourenço, R., & Fred, A. L. (2012, February). Real Time Electrocardiogram Segmentation for Finger based ECG Biometrics.  Biosignals 
(pp. 49-54).

R peaks are automatically identified 

in real-time using the adaptive 

thresholds algorithm proposed by 

Lourenço et al. (2012)

Import raw ECG 

Data balance 

ECG denoising

R-peaks detection

Heart rate variability

ECG

HRV
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Feature extraction 

● Feature extraction: time domain features,  frequency domain 

features, and time-frequency domain features

Kuyuk, H. S. (2015). On the use of Stockwell transform in structural dynamic analysis. Sadhana, 40(1), 295-306.

○ Time domain: mean values, standard deviations. (May miss subtle information) 

○ Frequency domain: power distribution in the frequency domain. (Cannot account for 

non-stationary characteristics)

○ Time-frequency domain: short-time Fourier transform has fixed windows size; 

wavelet transform can achieve good resolution in both low and high frequency
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Feature extraction (linear features)

● Features from the time domain

○ Total power: detecting abnormal autonomic activity

○ Low frequency power: sympathetic modulation

○ High frequency power: parasympathetic modulation

○ LF/HF ratio: sympathetic/parasympathetic balance

● Features from the frequency domain

○ Mean of heartbeat durations

○ Standard deviation of heartbeat durations

○ Standard deviation of heartbeat duration differences

Time-freq domain

Frequency domain

Time domain

Very low freq:0~0.04Hz

Low freq:0.04~0.15Hz

High freq:0.15~0.40Hz

Lee, H. G., Noh, K. Y., & Ryu, K. H. (2008, May). A data mining approach for coronary heart disease prediction using HRV features and carotid arterial wall thickness. 
In 2008 International conference on biomedical engineering and informatics (Vol. 1, pp. 200-206). IEEE..
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Feature extraction (nonlinear features)

Giri, D., Acharya, U. R., Martis, R. J., Sree, S. V., Lim, T. C., VI, T. A., & Suri, J. S. (2013). Automated diagnosis of coronary artery disease affected patients using LDA, 
PCA, ICA and discrete wavelet transform. Knowledge-Based Systems, 37, 274-282.

Wavelet decomposition of HRV (multi-resolution)

Wavelet: a: scaling parameter; b: translating parameter

Nonlinear feature extraction for coefficients of each level

1. Shannon entropy: measure of data uncertainty and variability

2. approximation entropy: quantify the amount of regularity and the 

unpredictability of fluctuations

3. sampling entropy: assess complexities of physiological signals

Time-freq domain

Frequency domain

Time domain
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Feature extraction (summary)

● Number of samples: 394

○ Healthy subjects (197); CAD patients (197)

● Number of dimensions: 19

○ Time domain (3)+ frequency domain (4)+ time-frequency domain(12)



● Scale input features before classification

● Label the outputs for healthy subjects as 1; CAD patients as 0

● Support vector machine (SVM) is used to classify healthy and CAD patients

○ SVM intends to find an optimal hyperplane that has largest distance 
to support vectors

○ SVM works well for problems with small datasets

○ Linear kernel is used in the current analysis 
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Classification using support vector machine (SVM)

Scale inputs and define SVM model

https://www.analyticsvidhya.com/blog/2021/05/5-classification-algorithms-you-should-know-introductory-guide/



● 5-fold cross validation is used in the project

● Training results for the current model
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Classification using K-fold cross-validation

Dataset is 

divided into 5-

subsets

Each split is 

divided into 

train+validation

Training data

https://scikit-learn.org/stable/modules/cross_validation.html
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● Inputs are the raw ECG signals from a standard ECG recording

● Outputs are the diagnosis result (healthy or CAD)

● An interactive mini-app which facilitate the physicians with the CAD diagnosis 

process is provided

System and Design (facilitating CAD diagnosis)



©W. K. Liu, Northwestern Univ. 2021, 18

● Mechanistic data science approach is adopted to find the internal relationships 

between physical heartbeats and coronary artery disease

● Data balance for the different classes is achieved while maintaining the integrity of the 

original data

● Features extracted from time domain, frequency domain and time-frequency 

domain can effectively represent the characteristics of patients with coronary artery 

disease

● SVM is used as the classifier and 5-fold cross validation is carried out in the training 

process. High accuracy (0.957 土0.026) is achieved, which manifests the 

effectiveness of the proposed method 

● An automated diagnosis mini-app is developed to assist clinical diagnosis of 

coronary artery disease 

Conclusion



● Terminology used in the presentation

○ MDS: mechanistic data science

○ CAD: coronary artery disease 

○ ECG: electrocardiogram 

○ HRV: heart rate variability

○ R peak: the maximal point for R signal in QRS complex

○ Denoising: signal processing method used to filter certain wavelengths 

(noise) to obtain useful information

○ Power spectral density (PSD): a quantity describes how power of a signal is 

distributed over frequency

○ Wavelet Transform: a multiresolutional transform to convert functions from 

time based domain to time-frequency domain

○ Support vector machine (SVM): a supervised machine learning algorithm to 

find a decision boundary to classify data

○ K-fold cross validation: a procedure used to estimate the skill of the model 

on new data

Appendix
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Thank you!
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