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Abstract
Cardiovascular diseases are the leading cause of mortality, morbidity, and hospitalization around the world. Recent techno-
logical advances have facilitated analyzing, visualizing, and monitoring cardiovascular diseases using emerging computa-
tional fluid dynamics, blood flow imaging, and wearable sensing technologies. Yet, computational cost, limited spatiotem-
poral resolution, and obstacles for thorough data analysis have hindered the utility of such techniques to curb cardiovascular 
diseases. We herein discuss how leveraging machine learning techniques, and in particular deep learning methods, could 
overcome these limitations and offer promise for translation. We discuss the remarkable capacity of recently developed 
machine learning techniques to accelerate flow modeling, enhance the resolution while reduce the noise and scanning time 
of current blood flow imaging techniques, and accurate detection of cardiovascular diseases using a plethora of data col-
lected by wearable sensors.
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Introduction

Cardiovascular diseases (CVDs) refer to a broad range 
of pathologies caused by disorders in the heart (i.e., car-
diomyopathy, valvular diseases, and arrhythmia) or in the 
blood vessels (i.e., coronary artery disease, cerebrovascular 
disease, deep vein thrombosis, and peripheral arterial dis-
ease), potentially leading to heart attack, heart failure, and 
stroke (Nabel 2003). CVDs are the major cause of universal 

mortality, morbidity, and hospitalization (Virani et al. 2020), 
claiming the lives of 18.6 million people globally in 2019 
(Roth et al. 2020), equivalent to one death in roughly every 
two seconds. Modern life habits such as obesity, lack of 
physical activities, unhealthy nutrition, high cholesterol, 
stress, and smoking as well as genetic disorders are among 
the major risk factors.

A diverse range of diagnostic means have been employed 
for early detection and monitoring of CVDs in clinical set-
tings (Celermajer et al. 2012), including regular blood test, 
blood pressure monitoring, electrocardiogram, echocardio-
gram, stress test, chest x-ray, cardiac computerized tomog-
raphy (CT) scan, and cardiac magnetic resonance imaging 
(MRI) (Hunter 2016).

In recent decades, substantial advancements in comput-
ing power, mathematical models, imaging techniques, data 
acquisition and analysis, microfabrication, and biomateri-
als have facilitated the introduction of new approaches for 
curbing CVDs. Notably, computational fluid dynamic (CFD) 
simulations, recent blood flow imaging techniques such as 
4D-flow MRI, and wearable sensors are among the means 
which can significantly enhance our ability to model, moni-
tor, and predict CVDs. Yet, these pioneer means to explore 
hemodynamics bear their inherent limitations.
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CFD modules leverage advanced computational tech-
niques to solve differential equations governing the balance 
of mass and momentum in hemodynamics, enabling the 
prediction of flow patterns and associated shear matrices on 
the vessel walls and circulating cells (Bazilevs et al. 2009; 
Rikhtegar et al. 2012). However, excessive computational 
cost impedes the ability of CFD techniques for real-time 
analysis of blood flow, especially in complex 3D geometries. 
4D-flow MRI allows for visualization and quantification of 
complex blood flow patterns through the heart chambers/
valves and large vessels, enabling the identification of patho-
physiological flows caused by various cardiovascular disor-
ders (Markl et al. 2012; Stankovic et al. 2014). This tech-
nique is also limited in clinical translation as obtaining high 
spatial and temporal resolution images over large volumes 
requires long scan times.

Emerging wearable sensors facilitate the non-invasive and 
continuous monitoring of vital cardiovascular signals such 
as heartbeat, heart rhythm, and blood pressure in real-time 
amassing invaluable wealth of data for research and clinical 
use (Chen et al. 2021). Yet, in-depth analysis of the col-
lected signals to detect meaningful patterns and facilitate 
the early detection and monitoring of disease progression 
using conventional statistical approaches is still an unre-
solved challenge.

These limitations warrant the development and imple-
mentation of new strategies to maximize the utility of 
CFD, 4D-flow MRI, and wearable sensors to tackle CVDs, 
wherein machine learning methods have been recently lev-
eraged to help. Early roots of machine learning go back to 
1950s, when Arthur Samuel of IBM developed a computer 
program to play checkers. This program was able to make 
non-programmed decisions based on scoring an early prede-
cessor machine learning algorithm (Samuel 1959). Machine 
learning can predict outcomes and make decisions based on 
a given dataset without explicitly coding each of the input 
possibilities. This is a major advancement over traditional 
programming, where the code cannot evolve to solve unseen 
problems. To achieve this, algorithms based on machine 
learning build a model from the given training data and can, 
in many cases, automatically extract the prominent features 
(patterns) from the training data to make the needed predic-
tions (Sidey-Gibbons and Sidey-Gibbons 2019).

Machine learning is a collection of tens of methods that 
have been developed over the decades under various names 
such as statistical signal processing, pattern recognition, and 
computer vision (Theodoridis 2020). Many of the classical 
machine learning methods employ the Bayesian approach, 
which is the use of Bayes’ theorem in inferring the proba-
bility of an outcome based on a set of measurements (data) 
(van de Schoot, et al. 2021). Neural networks, on the other 
hand, use relatively simple building blocks (neurons) that are 
typically organized in layers, where the level of abstraction is 

increased in each of the neural layers. The use of artificial neu-
rons as building blocks is also not new and can be dated back 
to the 40’s; however, it was until the development of the back 
propagation algorithms in the 70’s that training neural net-
works become practical. With the exponential increase in the 
computational power and the further developments in neural 
network architectures, the training of such networks become 
feasible with the ability to handle larger number of layers (i.e., 
deeper networks); hence, the term deep learning started to be 
widely adopted (Chollet 2018).

Currently, two major applications are extensively assumed 
for machine learning in the field of biology. The first is using 
genome sequencing to take large geometric data sets and create 
predictive models that transcribe the data and identify dis-
eases. The second is image processing and computer vision to 
classify cells based on their morphology. Both methods require 
a large amount of raw data and create a predictive model based 
on computer detected patterns buried within. Once completely 
trained, the model can analyze and detect those patterns to 
either classify or identify the new data (Webb 2018). Continu-
ous learning is also possible, where the model continuously 
evolves as more data is fed to the system.

In this paper, we discuss recent developments in the appli-
cation of machine learning methods for improving numerical 
analysis, visualization, and monitoring of CVDs. We highlight 
the ability to reduce the computational time of CFD simula-
tions using deep learning methods to make them amenable 
for clinical applications. We describe methods for enhanc-
ing the resolution while reducing the noise and scan time of 
4D-flow MRI using deep learning. We also present the ability 
for accurate detection and classification of CVDs based on 
data collected by wearable sensors. Finally, we provide some 
recommendations to facilitate further utilization of machine 
learning in our fight against CVDs.

Hemodynamics and CVD monitoring

Computational fluid dynamics (CFD)

CFD techniques generally leverage finite difference, finite ele-
ment, or finite volume methods to solve the partial differen-
tial equations governing the balance of mass and momentum 
(also known as Navier–Stokes equations) in fluidic domains, 
as given below for incompressible flow of blood (Chung 2010; 
Versteeg and Malalasekera 2007):

in which ��⃗Ublood is the velocity vector of blood through the 
blood vessels, �blood and �blood are the density and viscosity 

Balance of mass ∶ ∇.��⃗Ublood = 0

Balance of momentum ∶ 𝜌
blood

D��⃗U
blood

Dt
= −∇P + 𝜌

blood �⃗g + 𝜇
blood

∇2 ��⃗U
blood
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of blood, respectively, t is time, P is pressure, and �⃗g is the 
gravitational acceleration.

Solving these equations allows for predicting the dis-
tribution of velocity and pressure within the blood flow, 
which can be further processed to obtain the flow stream-
lines, shear stress, pressure drop, and or solute exchange 
across the vessels. The process involves creation of geom-
etry, mesh generation, applying boundary conditions, set-
ting thermophysical properties of the blood, and solving dif-
ferential equations (Fig. 1a). Simulations can be performed 
in 2D/3D, highly complex/simplified geometries and under 
steady/transient, and laminar/turbulent conditions. As such, 

the geometry, transport properties, and boundary conditions 
of the CFD model can be customized to mimic tailored 
physiological or pathophysiological conditions (Baratchi 
et al. 2020; Duenas-Pamplona et al. 2021; Gijsen, et al. 
1999; Kim, et  al. 2013). In a more complicated setup, 
simulations can also be conducted in movable structures 
such as heart valves (Hoeijmakers et al. 2021; Weinberg and 
Kaazempur Mofrad 2008) as well as soft, deformable struc-
tures such as pulsating blood vessels (Chen et al. 2010). 
In such scenarios, fluidic equations should be coupled to 
the solid mechanics equations describing the structural 
dynamics. These so-called fluid–structure-interaction (FSI) 

Fig. 1   Some common methods 
for analyzing and monitoring 
of cardiovascular diseases: (a) 
computational fluid dynam-
ics (CFD) pipeline (adapted 
from (Randles et al. 2017)), (b) 
4D-flow magnetic resonance 
imaging (MRI) (adapted from 
(Allen et al. 2013)), and (c) 
cardiovascular wearable sen-
sors (adapted from (Chen et al. 
2021))
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models, on top of hemodynamic measures, can also predict 
the strain in cardiac tissue and vasculature as well as loco-
motion and constant deformation of red blood cells through 
the human circulatory system (Cetin and Sahin 2019; Liu 
and Liu 2006).

The rapid advancement of computer processing capabili-
ties along with the availability of commercial CFD software 
such as Fluent (ANSYS Inc.), COMSOL (COMSOL Inc.), 
Simcenter STAR-CCM + (Siemens) or open-access platforms 
such as Open Foam (OpenFOAM Foundation Inc.), and Sim-
vascular (a dedicated software for performing cardiovascular 
CFD simulations) (Updegrove et al. 2017) have facilitated 
the unprecedented progress of CFD simulations over the past 
20 years. Nevertheless, there are some limitations which hin-
der the capability of CFD techniques in the cardiovascular 
domain. The generation of geometry and 3D elements might 
be challenging in complex structures. The simulations can 
be time-consuming, particularly for transient or FSI simula-
tions, taking from a few hours to days. The computational 
time is proportional to the number of elements implemented 
in the model and the number of differential equations that 
need to be solved. Mesh-free CFD techniques aim to reduce 
the computational time (Monaghan 2005); however, the prob-
lems associated with the stability and accuracy of such tech-
niques can significantly limit their utility in cardiovascular 
research. Patient-specific CFD simulations can be even more 
challenging due to the limitations in the reconstruction of the 
geometry and setting boundary conditions (Tse et al. 2011; 
Zhong et al. 2018). Additionally, the accuracy of CFD calcu-
lations strongly depends on the models used to formulate the 
complex hemodynamics and mechanobiology of the human 
vessels (e.g., models to predict the blood viscosity or defor-
mation of red blood cells). The lack of experimental platforms 
for collecting enough data from the patients to create such 
models has limited the ability of existing CFD models. The 
emerging of microfluidic organ-on-chip models of the human 
cardiovascular system (Nguyen et al. 2021) can potentially 
address this limitation.

Blood flow imaging

Doppler echocardiography, a non-invasive modality using 
ultrasound, has been widely used for measuring the direction 
and velocity of blood flow through the heart chambers and 
large vessels (Anavekar and Oh 2009) as well as abnormal, 
regurgitant jets in pathologic heart valves (Nishimura et al. 
1985). This technique measures the velocity of moving red 
blood cells based on the frequency shift between the trans-
mitted and the reflected ultrasound wave. The frequency 
shift is proportional to the velocity of red blood cells accord-
ing to Doppler equation (Nishimura et al. 1985):

in which Δf  is the frequency shift, fo is the frequency of 
the transmitted wave, Ublood is the average velocity of blood 
through the vessel, � is the angle between the wave and the 
vessel axis, and c is the velocity of sound in human tissues 
(~ 1,560 m/s). The measurements are made at arbitrary dis-
crete points, and therefore, this technique has a limited spa-
tiotemporal resolution.

In comparison, phase-contrast magnetic resonance imag-
ing (PC-MRI) enables capturing and encoding of one-direc-
tional velocity vectors across imaging planes normal to the 
vessel. This technique measures the velocity of moving red 
blood cells based on the net phase shift when exposed to a 
pair of bipolar magnetic field gradients. The net phase shift 
is proportional to the velocity of red blood cells along the 
vessel, as expressed below (Wymer et al. 2020):

wherein Δ∅ is the phase shift, � is the gyromagnetic ratio 
(defined as the ratio of magnetic moment to angular momen-
tum), Ucell is the velocity of blood cells through the vessel, 
and ΔM

1
 is the change in the magnetic moment. A series of 

time-resolved images can be taken to capture the dynamics 
of blood flow during the cardiac cycle at each plane (Pelc 
et al. 1991).

Advances in PC-MRI have led to capturing and encod-
ing of three-directional flow vectors across a 3D volume 
throughout the cardiac cycle. This technique, which is 
known as 4D (3D + time) flow MRI, enables 3D visualiza-
tion and quantification of blood flow dynamics in the heart 
and vessels (Markl et al. 2012; Soulat et al. 2020) (Fig. 1b). 
4D flow MRI, with its rising interest in clinical research, is 
used for evaluating various CVDs such as congenital heart 
disease, cardiac valvular disease, aortic stenosis and aneu-
rysm, and pulmonary hypertension (Azarine et al. 2019).

Despite these advantages, low spatiotemporal resolution, 
bias noise, velocity aliasing, and eddy current-induced phase 
offset artifacts (Jiang et al. 2015) along with time-consum-
ing image segmentation, post-processing, and analysis steps 
(Leiner et al. 2019) can adversely impact the accuracy and 
utility of 4D flow MRI for the visualization and quantifica-
tion of blood flow.

Wearable sensors

Commercial wearable sensors such as smartwatches (Apple 
Inc.), necklaces (toSense, Inc.), and rings (Motiv Inc.) 
have enabled constant, non-invasive monitoring of useful 
cardiovascular signals such as heart rate, blood pressure, 
blood oxygen saturation level, and even blood glucose 

Δ f =
2 fo Ublood cos�

c

Δ ∅ = � Ucell Δ M
1
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level without using routine clinical setups and out of clin-
ics (Fig. 1c) (Bayoumy et al. 2021). These wearable sen-
sors are extremely useful for early detection of common 
cardiovascular conditions such as heart failure, heart valve 
disease, arrhythmia, hypertension, anoxia, and hypoxia as 
well as comorbid conditions such as diabetes (Bayoumy 
et al. 2021). Advances in microfabrication technologies and 
materials sciences have also facilitated the development of 
textile-based (also known as e-textile) (Fan et al. 2020) and 
skin-like (also known as epidermal, e-skin or e-tattoo) (Li 
et al. 2020) wearable sensors, as comprehensively reviewed 
in (Khoshmanesh et al. 2021). These sensors leverage a 
variety of opto-electric, mechano-electric, bio-electric, 
ultrasonic, and bio-chemical mechanisms for monitoring of 
vital cardiovascular signals (Chen et al. 2021). This is facili-
tated by incorporation of miniaturized actuating and sens-
ing elements into a smartwatch, cloths, or skin-like patches. 
Regardless of the sensing mechanism and the way that 
they are interfaced with the body, wearable sensors might 
be equipped with filters, amplifiers, and analog-to-digital 
converters to facilitate the smooth translation of the signals 
into meaningful patterns. Wireless transmission components 
such as Bluetooth modules might be required to transmit the 
collected signals to a nearby smartphone for further analysis, 
which might be challenging when dealing with large data.

Artificial intelligence and machine learning

The use of artificial intelligence (AI) has been steadily 
expanding in many fields including cardiovascular diseases, 
where the primary aim of such methods is to make auto-
mated decisions that can assist or completely replace human 
operators. This unprecedented progress in AI is mainly due 
to the rapid advancement of computational power, including 
graphical processing units and the development of various 
algorithms for effective training (Russell and Norvig. 2002). 
The applications in healthcare field cover many aspects 
including diagnosis, prognosis, and treatment (Graves 2013; 
Miller and Brown 2018).

Artificial intelligence has different subsets such as 
machine learning, which specifically aims to train the 
computer to learn and gain experience through the use 
of data without being programmed to solve each of the 
input combinations (Jordan and Mitchell 2015). Broadly, 
machine learning can be classified into two main catego-
ries: supervised and unsupervised machine learning (Tarca 
et al. 2007). Supervised machine learning relies on labeled 
training data as a targeted criterion for the algorithm, for 
example, a description of an object in an image or keywords 
in a document. It is extensively being used for data classifi-
cation or diagnostic predictions. Also, supervised machine 
learning methods are effectively used in solving regression 

problems, where the output is a numeric value rather than a 
discrete class. For example, the enhancement of CFD spa-
tiotemporal resolution falls under regression problems cat-
egory. On the other hand, unsupervised machine learning 
aims to organize unlabeled data and find hidden patterns 
or similarities without the necessary prior knowledge. For 
example, unsupervised machine learning can figure out that 
patients’ symptoms are clustered into few groups without 
knowing the underlaying mechanism and processes of the 
disease. Inherently, the performance of unsupervised learn-
ing is much harder to judge, as there is no discernable goal 
and more susceptible to biases in training data (Jordan and 
Mitchell 2015; Sidey-Gibbons and Sidey-Gibbons 2019).

Neural networks are a subset of machine learning 
approaches with basic building blocks called artificial 
neurons. The fundamental idea of the artificial neuron is a 
mathematical operation that receives inputs from multiple 
other neurons, compiles them with different weights, and 
then fires an output when the input combination reaches a 
certain level. As such, the output of a simple artificial neuron 
can be mathematically expressed as follows:

where xi is the input i to the neuron, wi is the associated 
weight, b is a constant bias, N is the total number of inputs, 
and g(.) is a non-linear activation function. The essence of 
training an artificial neural network (ANN) is to iteratively 
adjust the weights and biases such that the desired output is 
obtained. An example of a simple ANN is a single hidden 
layer feedforward network (fully connected), which consists 
of (i) an input layer (neurons that each accept a single input), 
(ii) a hidden layer where each neuron is connected to all 
input neurons and to all output layer neurons, and (iii) an 
output layer where each neuron is connected to all hidden 
layer neurons (Skaria et al. 2019). However, in more com-
plicated ANN networks such as the convolutional neural net-
work (CNN), a sequence of basic mathematical operations 
is performed at each layer.

For example, if a CNN network has an input of 2D 
echocardiogram intensity images of width w and a height 
h along with a Doppler overlay having the same dimen-
sions, accordingly, the overall input size in this example 
is w × h × 2 (Fig. 2). A typical CNN network has multiple 
convolutional layers each composed of a convolution opera-
tion, a rectified linear unit (ReLU) operation, and a pooling 
operation. The output of these convolutional layers is then 
flatted (converted into a vector) and then passed through 
a fully connected neural network with a final layer hav-
ing outputs equal to the number of echocardiogram image 
classes that needs to be classified. It is worth mentioning 
that the results from the output are typically normalized by 

y = g

(

N
∑

i=1

wixi + b

)
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a Softmax function which provides an exponential normali-
zation to the arbitrarily scaled real-value outcomes of the 
neural network; the resulting values from the Softmax layer 
indicate the different probability of matching each of the 
classes. An overview of a typical CNN architecture along 
with the different mathematical operations involved in each 
layer is illustrated in Fig. 2.

To improve the performance of neural networks, many 
cascaded layers are added with various intermediary ele-
ments to simplify the training process. Such deeper archi-
tecture (referred as deep learning (Skaria et al. 2019)) can 
automate much of the feature extraction phase of machine 
learning without the need for the designer to explicitly select 

the prominent measures (features) that needs to be fed to 
the classifier. For example, deep learning can autonomously 
identify certain regions in an MRI image that are the main 
clue for detecting an abnormal function. The drawback of 
this method is the typical need for large amount of training 
data to identify the prominent features (LeCun et al. 2015).

There are several common architectures of deep learn-
ing networks, including CNNs, recurrent neural networks 
(RNNs), and physics informed neural networks (PINNs) 
(Fig. 3). CNNs use convolutional filters to search for pat-
terns at different abstraction levels, it also uses several 
polling layers to reduce the spatial dimensionality as pat-
terns progress to the output. CNNs are commonly used for 

Fig. 2   A typical convolutional 
neural network architecture for 
classifying multi-dimensional 
images (e.g., echocardiogram 
with Doppler overlay) along 
with the main mathematical 
operations at each stage

Fig. 3   Application of artificial intelligence for analysis and moni-
toring of cardiovascular diseases: (a) relationship between artificial 
intelligence, machine learning, neural networks, and deep learning 

and (b) incorporation of machine learning and deep learning into 
CFD, 4D-flow MRI, and wearable sensors

24 Biophysical Reviews (2023) 15:19–33
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recognizing patterns in 2D and 3D spatial data, including 
image classification (Gu et al. 2018) and wearable sensors 
pattern recognition (Hendy et al. 2022; Skaria et al. 2020). 
RNNs can store, remember, and use the previous data and 
are commonly used for speech recognition and natural lan-
guage processing (Graves 2013). PINNs incorporate physi-
cal laws described as differential equations into the learn-
ing process of the neural network and are extremely useful 
for solving multi-dimensional problems (Karniadakis et al. 
2021; Raissi et al. 2019).

Artificial intelligence is a powerful tool in the field of 
cardiovascular imaging and has been used in specialized and 
time-consuming tasks such as anomaly identification, image 
segmentation, and increasing image resolution. Moreover, 
machine learning algorithms can analyze the raw informa-
tion of patients such as their heart rate, blood pressure, vas-
cular diameter, age, and sex to deduce any hidden or com-
plex patterns for diagnosis of CVDs or risk prediction of 
surgical procedures (Gupta et al. 2021; Kilic 2020; Podrat 
et al. 2021). Importantly, machine learning can be used for 
patient-specific risk stratification of future cardiovascular 
conditions (death, heart attack, and stroke), diagnosis, prog-
nosis, and treatment of various CVDs (Al'Aref et al. 2019; 
Arzani et al. 2022; Dey et al. 2019; Krittanawong et al. 2017; 
Shameer et al. 2018). Machine learning can be incorporated 
into CFD, 4D-flow MRI, and wearable sensors to facilitate 
modeling, identification, prediction, and pattern recognition 
of cardiovascular conditions (Fig. 3).

Incorporation of machine learning 
for cardiovascular disease monitoring

Computational fluid dynamics (CFD)

A novel approach in cardiovascular medicine is the use of 
CFD models on a patient-specific basis for diagnostic evalu-
ation (Mousavi et al. 2019; Tajeddini et al. 2020; Williams 
et al. 2022) and the design of cardiovascular devices such 
as ventricular assist device (Ghadimi, et al. 2019; Lin et al. 
2019), artificial heart valve (Soltany Sadrabadi et al. 2021; 
Zakerzadeh et  al. 2017), and extracorporeal membrane 
oxygenation (Nezami et al. 2021a, b; Nezami et al. 2021a, 
b). However, CFD models involving complex structures 
and dynamic conditions require high computational cost 
and time. Thus, conventional CFD models do not allow for 
real-time computations, which might be needed for surgical 
guidance (real-time analysis of the results during surgery). 
Therefore, it is essential to devise new strategies to acceler-
ate CFD calculations while maintaining the model accuracy, 

and machine learning methods and especially deep learning 
are increasingly being leveraged to this end.

An elegant example is a work by Li et al. (Li et al. 2021), 
which incorporates deep learning in a CFD model for pre-
dicting the flow dynamics in the aorta and coronary artery 
branches. The training dataset was created by obtaining the 
geometric details of the aorta and coronary artery branches 
of 110 patients using computed tomography angiography 
(CTA) scanning. The dataset was further augmented to 
1100 cases and CFD simulations were performed under 
identical boundary conditions. The simulation results were 
used to create a neural network model, which could predict 
with 90% accuracy the hemodynamic state of a new patient 
almost 600 times faster than a conventional CFD model. A 
similar approach has been used by Liang et al. (Liang et al. 
2020) for modeling the flow dynamics in the thoracic aorta 
and Wang et al. (Wang et al. 2020) for calculation of myo-
cardial fractional flow reserve.

Though promising, the above approach requires a large 
number of training samples limiting its utility motivat-
ing the introduction of a new approach, coined as physics 
informed neural networks (PINNs), by Raisei et al. (Raissi 
et al. 2019, 2020) (Fig. 4). These networks are trained by 
synergic combination of data and mathematical equations, 
which govern various physical phenomena. In this regard, 
the incorporation of Navier–Stokes equations into the PINNs 
model allows for surrogate modeling of the flow field with 
minimized or total absence of simulated data (Sun et al. 
2020), significantly reducing the number of samples to five 
while achieving an average accuracy of 92%. The PINNs 
model was later employed by Sun et al. (Sun et al. 2020) 
for modeling blood flow in stenosed vessel and Yin et al. 
(Yin et al. 2021) for obtaining of thrombus viscoelastic 
and permeability properties. The unique features of PINNs 
model for studying pathophysiological blood flow dynam-
ics have been recently highlighted through calculation of 
wall shear stress in atherosclerotic vessels or aneurysm by 
simply measuring the velocity of a few points away from 
the vessel walls (Arzani et al. 2021). This strategy is par-
ticularly important for studying patient-specific blood flow 
dynamics (Vardhan and Randles 2021), in which access to 
the boundary conditions is limited due to clinical constraints 
and ethical concerns.

Blood flow imaging

4D-flow MRI has been utilized for non-invasive imag-
ing of blood flow over a large volume (Markl et al. 2012; 
Stankovic et al. 2014). This technique is subjected to mul-
tiple limitations, associated with spatiotemporal resolution, 
signal-to-noise ratio, phase offset errors, velocity aliasing, 
and velocity encoding (Cibis et al. 2015; Rispoli et al. 2015; 
Vali, et al. 2017), which further impacts the accuracy of 
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calculating secondary hemodynamic parameters such as 
wall shear stress (WSS), oscillatory shear index (OSI), and 
relative residence time (RRT) (Boussel et al. 2009; Fathi 
et al. 2020). Importantly, long scan time is a major limi-
tation of existing 4D flow MRI. Processing 4D-flow MRI 
outcome requires roughly half an hour of time, limiting its 
immediate clinical application, and thus neural networks 
can play an important role to make clinical use viable by 
providing predictive interpolation and extrapolation to the 
measurements.

For example, Hammernik et al. (Hammernik et al. 2018) 
have proposed a novel method for fast MRI reconstruction 
with high-quality using variational network, followed up by 
Vishnevskiy et al. (Vishnevskiy et al. 2020), which uses a 
deep neural network. The network can rapidly reconstruct 
and transform unsampled data into MRI data. A deep vari-
ational neural networks approach enabled researchers to use 
undersampled data with their network. Researchers used 
images from 11 healthy subjects to train their model initially 
and, by using an iterative image reconstruction architecture, 
were able to reconstruct 4D-flow MRI data in less than one 
minute. In a similar study, Gong et al. (Gong et al. 2019) 
used a deep learning method to reconstruct tomographic 
images which allowed for imaging within the reconstruction 

providing high resolution images to easily detect diseases such 
as Alzheimer's.

Alternatively, Ferdian et al. (Ferdian et al. 2020) leveraged 
CFD simulations to generate synthetic 4D-flow MRI data in 
thoracic aorta. These synthetic images were further downsam-
pled and injected with white Gaussian noise for using them 
as the test dataset. A deep learning network, solely trained by 
such synthetic images, was then able to denoise the synthetic 
low-resolution dataset to produce low noise 4D flow MRI out-
put images with higher resolution than the input ones. A simi-
lar strategy was implemented by Rutkowski et al. (Rutkowski 
et al. 2021) for denoising velocity contours in the cerebral blood 
vessels.

To eliminate the need for CFD analysis, Fathi et al. (Fathi 
et al. 2020) utilized a PINNs model to enhance the resolution 
and denoise 4D flow MRI results (Fig. 5a). Complex Cartesian 
images containing the magnitude and direction of velocity vec-
tors are generated using low-resolution MRI data, following 
which regularization terms are defined to enforce flow phys-
ics (Navier–Stokes and continuity equations) within the flow 
domain. A loss function was introduced to produce high resolu-
tion and noise-free images, and the developed deep neural net-
work increased the algorithm’s efficiency. The model yielded a 
100-fold improvement in spatial resolution, a fivefold increase 

Fig. 4   Application of physics informed neural networks (PINNs) for 
cardiovascular hemodynamics: (a) carotid artery with an aneurysm 
with the training dataset (pressure and velocity field) being gener-
ated by CFD, (b) incorporation of Navier–Stokes equations into the 

neural network, (c) comparison of flow streamlines obtained by CFD 
and PINNs, and (d) comparison of velocity and pressure contours 
obtained by CFD and PINNs (adapted from (Raissi et al. 2020))
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in temporal resolution, and a 50% reduction in velocity normal-
ized root mean square error and ultimately were verified against 
particle image velocimetry results (Fig. 5b and c).

Wearable sensors

Wearable technologies have facilitated continuous monitor-
ing and collection of cardiovascular bio-signals (Chen et al. 
2021). However, analysis and classification of the collected 
data using standard statistical methods remain challenging 
(Ghosh et al. 2020). For example, cardiac disorders such 

as atrial fibrillation, atrial flutter, ventricular tachycardia, 
ventricular fibrillation, and myocardial infarction all lead 
to irregular heartbeats (arrhythmia) and abnormal electro-
cardiogram signals (Bayoumy et al. 2021; Krittanawong 
et al. 2021). Although an experienced cardiologist can dis-
tinguish the above cardiac disorders, the automated clas-
sification of these cardiac diseases, especially in the pres-
ence of noise, is challenging and prone to inaccuracy using 
statistical methods (Austin et al. 2013; Luo et al. 2016; Park 
et al. 2018). This can be even more challenging when dealing 
with multiple bio-signals such as heart rate, blood pressure, 
skin temperature, and electrocardiogram signals (Ge et al. 
2021; Martin et al. 2021; Tadesse et al. 2021) or mental 
stress (Patlar Akbulut et al. 2020). Additionally, the variety 
and complexity of bio-signals (Fig. 6) along with the diverse 
frequency and amplitude range thereof (Table 1) make it 
challenging for conventional analysis methods to discover 
any meaningful patterns within these signals, which corre-
spond to specific medical conditions (Martinek et al. 2021).

To address this limitation, the cardiovascular bio-signals 
collected by wearable sensors could be wirelessly transferred 
to a more powerful analytical platform to be processed using 
various machine learning algorithms. Any meaningful patterns 
in the data, which might correspond to the diagnosis, risk pre-
diction or prognosis of cardiovascular diseases, can be shared 
with the patient or their healthcare provider (Fig. 7). The data 
collected from thousands of individuals can also be collated 
to make data-driven decisions (Krittanawong et al. 2021; Quer 
et al. 2021).

Recent published literature has demonstrated the viability 
of accurate detection and classification of cardiovascular dis-
eases using commercial wearable technologies. For instance, 
Tison et  al. (Tison et  al. 2018) developed a deep neural 
network model to detect atrial fibrillation (irregular heart 
rhythm) based on photoplethysmography signals obtained 
by wrist-worn smartwatches (Apple Inc.). Comparing the 
results against standard 12-lead electrocardiography revealed 
a 98% sensitivity and a 90% specificity for a population of 51 
patients. Likewise, Green et al. (Green et al. 2019) developed a 
machine learning based classifier for detection of hypertrophic 
cardiomyopathy (a genetic disorder characterized by thicken-
ing of the cardiac muscle) based on photoplethysmography 
signals obtained by a wrist-worn sensor (Wavelet Health). 
More recently, Stehlik et al. (Stehlik et al. 2020) developed a 
similarity-based machine learning model to predict the risk of 
heart failure based on heart rate, electrocardiography wave-
forms, and temperature obtained by a commercial chest-worn 
sensor (Vital Connect). Analysis of results in 100 patients aged 
between 58 and 78 over a three-month period enabled the pre-
diction of the risk of imminent heart failure hospitalization 
with an 88% sensitivity and 85% specificity.

Fig. 5   Application of physics-informed neural networks (PINNs) for 
enhancing the resolution of 4D-flow MRI results: (a) flow chart of the 
algorithm composed of training and using phases, (b) representative 
images showing the conversion of low-resolution velocity contours 
obtained by 4D-flow MRI to high-resolution images using PINNs, 
and (c) experimental results verified against particle image velocime-
try (adapted from (Fathi et al. 2020))
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Conclusions and future steps

In this paper, we briefly discussed the incorporation of 
machine learning in hemodynamic analysis and monitor-
ing, showcasing its application in studies with compu-
tational fluid dynamics, blood flow imaging, and wear-
able sensors for enhanced diagnosis, prognosis, and 
therapy. Highlighting the potential of machine learning 
for reducing computational cost and time, we presented 
its promise in improving the resolution and quality of 
images while keeping long scan time at bay. We as well 
depicted the promising application of machine learning 

for early detection and risk stratification of cardiovas-
cular diseases to motivate the promise that machine 
learning with its accelerated rate of development can 
significantly improve cardiovascular monitoring, care, 
and management.

We ultimately outline the following suggestions to facili-
tate more effective translation of machine learning models 
for cardiovascular research:

Further interaction: given the multidisciplinary nature of 
this field, a closer collaboration between the stakeholders, 
including experts in the areas of computational fluid dynam-
ics, blood flow imaging, cardiology, wearable sensors, and 
machine learning experts, is required to close the remaining 

Fig. 6   Human bio-signals: 
(a) schematics showing the 
diversity and complexity of bio-
signals and (b) the frequency 
range of various bio-signals 
(adapted from (Martinek et al. 
2021))

Table 1   A brief overview of bio-signals along with their frequency and amplitude range

Bio-signal Descriptions Frequency (Hz) Voltage 
amplitude 
(V)

Electroencephalogram (EEG) (Jurcak et al. 2007) Electrical signal/activity of the brain 0.5–100 0.005–10
Electrocardiogram (ECG) (Clifford, et al. 2006) Electrical signal/activity of the heart 0.05–250 0.01–5
Fetal electrocardiogram (fECG) (Sameni and Clifford 

2010)
Electrical signal/activity of the fetal heart 0.05–150 0.01–0.02

Vectorcardiogram (VCG) (Vozda and Cerny 2015) Spatial and temporal cardiac electrical activities - -
Electromyogram (EMG) (Reaz et al. 2006) Electrical signal/activity in muscles in response to 

neural stimulation
50–10,000 0.05–0.3

Electrooculogram (EOG) (López et al. 2020) Electrical signal corresponding to the movement of the 
eye

0.1–20 0.05–3.5

Electroretinogram (ERG) (Heckenlively and Arden 
2006)

Electrical signal/activity of the retina in response to 
light stimulation

5–35 0.005–1

Electrohysterogram (EHG) (Rabotti et al. 2008) Uterine electrical activity 0.1–3 0.1–1
Electrocorticogram (ECoG) (Nakasatp et al. 1994) Electrical signal/activity of the cerebral cortex 0.1–100 0.005–10
Electroneurogram (ENG) (Cogan 2008) Electrical signal/activity of axons in peripheral nerves 100–1000 0.005–10
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gaps. This can be facilitated by organizing special issues in 
cardiovascular journals, organizing dedicated conferences, 
symposiums, and meetings as well as dedicating research 
grants and designing post-graduate courses to maximize the 
interaction between engineers, computer scientists, cardiolo-
gists, clinicians, and vascular biologists.

User-friendly platforms: machine learning algorithms are 
advancing rapidly. However, the lack of user-friendly plat-
forms makes it challenging for users with limited knowl-
edge and expertise in computer and data sciences to employ 
such algorithms. Development of user-friendly machine 
learning platforms with comprehensive libraries facilitates 
the adoption of such models by the experts working in the 
areas of computational fluid dynamics, blood flow imag-
ing, and wearable sensors. A successful role model in this 
regard is the open-source ImageJ software, supported by 
the National Institutes of Health funding, which provides a 
user-friendly platform for processing of microscopic images 
to calculate cells’ density, morphology, and viability by 
cellular biologists who are not necessarily expert in image 
processing. We believe that the adoption of similar machine 
learning platforms can significantly improve the diagnosis, 
prognosis, and risk prediction of CVDs.

Dedicated physic-informed neural networks mod-
els for cardiovascular diseases: the PINN models have 
proven their capability for solving complex flow fields. We 

envisage that the development of dedicated hemodynamics 
informed neural network models is necessary for better 
understanding of the complex hemodynamics of human 
vessels under various physiological and pathophysiologi-
cal conditions. Such models can be further improved by 
incorporating fluid–structure-interaction models to predict 
the deformation of blood vessels under pulsatile flows, 
movement of blood cells inside the vessels, as well as the 
complex dynamics of blood cells at the vicinity of heart 
valves.
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