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Chapter 1
Introduction to Non-Invasive Biomedical 
Signals for Healthcare

Danyal Mahmood, Hannan Naseem Riaz, and Humaira Nisar

Abstract  With the advancement of medical science, new healthcare methods have 
been introduced. Biomedical signals have provided us with a deep insight into the 
working of the human body. Invasive biomedical signaling and sensing involve 
inserting sensors inside the human body. Non-invasive biomedical signals such as 
electroencephalogram (EEG), electromyogram (EMG), electrocardiogram (ECG), 
electrooculogram (EOG), phonocardiogram (PCG), and photoplethysmography 
(PPG) can be acquired by placing sensors on the surface of the human body. After 
the acquisition of these biomedical signals, further processing such as artifact 
removal and feature extraction is required to extract vital information about the 
subject’s health and well-being. In addition to conventional signal processing and 
analysis tools, advanced methods that involve machine and deep learning tech-
niques were introduced to extract useful information from these signals. There are 
several applications of non-invasive biomedical signal processing, including moni-
toring, detecting, and estimating physiological and pathological states for diagnosis 
and therapy. For example, detection and monitoring of different types of cancer, 
heart diseases, blood vessel blockage, neurological disorders, etc. In addition, bio-
medical signals are also used in brain control interfaces (BCI), Neurofeedback and 
biofeedback systems to improve the mental and physical health of the subjects.

1.1 � Introduction to Biomedical Signals

With the advancement in technology in recent years, the biomedical industry has 
radically grown. Real-time health monitoring is now possible using smart sensing 
technologies. Biomedical signals are the records of physiological events including 
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neural activities, cardiac rhythms, and tissue imaging [1]. Biomedical signals can be 
divided into two categories depending upon the source of energy for measurement, 
active and passive biomedical signals. In active biomedical signals, the source of 
energy for measurement is driven by the subject himself. There are further two types 
of signals in the active category i.e., electrical such as EEG, ECG, etc., and non-
electrical signals such as blood pressure, temperature, etc. In passive biomedical 
signals, the source of energy for measurement is from outside the subject such as 
X-Ray, MRI, etc. Biomedical signals can also be divided into sub-categories 
depending upon the nature of the signals such as electrical, mechanical, and chemi-
cal biomedical signals. Electrical biomedical signals originate from neural cells 
such as EEG, from muscles such as EMG and ECG, and other sources such as 
EOG.  Like electrical biomedical signals, strong magnetic field from outside the 
subject’s body can also be used to scan different organs of the subject. These scans 
are known as MRI scans. These include motion and displacement signals, pressure 
and tension, blood flow signals, etc. Another category of biomedical signals is the 
chemical signals which measure the chemical change in the subject’s body such as 
PPG, level of glucose, blood oxygen levels, etc. Mechanical biomedical signals 
such as blood pressure and phonocardiogram can also be measured. Furthermore, 
there are acoustic biomedical signals as well such as PCG and respiratory sounds. 
Optical biomedical signals include endoscopy while there are thermal biomedical 
signals as well such as the heatmap of the subject.

In this chapter, the focus will be on electrical and magnetic biomedical signals 
which are recorded by the sensors placed outside the subject’s body. These biomedi-
cal signals are then used for the diagnosis and monitoring and progression of vari-
ous diseases. The improvements in signal processing methods and electronics have 
encouraged the use of biomedical signals for prognosis and diagnosis.

Sensors of different types are used to measure and record biomedical signals. 
Some sensors are implanted or inserted inside the subject to record these signals 
e.g., implanted EEG and endoscopy. While some sensors record these signals from 
outside the subject’s body e.g., MRI, and X-Ray. The recorded signals are used for 
the improving people’s health. Engineers have developed many devices that process 
these signals and present the results in an easy-to-understand way. Heart rate moni-
toring devices have enabled us to examine irregularities in the beating rhythms of 
the heart [2]. Body glucose monitoring devices help diabetic patients to monitor and 
manage their blood sugar levels without any help and supervision from healthcare 
providers. Emotiv MN8 is a wearable device that monitors brain activities to mea-
sure stress and attention.

In this chapter, a brief introduction to important biomedical signals followed by 
their acquisition techniques will be provided. Afterwards, processing and analyzing 
these signals will be discussed followed by the application of these signals for reha-
bilitation such as brain-computer interface (BCI) and neurofeedback & biofeedback 
systems. Finally, a brief conclusion of this chapter will be provided.
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1.2 � Invasive and Non-Invasive Procedures

Biomedical signals can be divided into two types depending upon the nature and 
procedure of signal acquisition. In the invasive method of obtaining biomedical 
signals, sensors are inserted inside the human body. In other words, invasive tests 
are performed by penetrating the body using medical tools [3]. On the other hand, 
the non-invasive technique of acquiring biomedical signals does not involve any 
skin breaking. These tests are performed by placing sensors on the surface of the 
human body from outside the skin [4].

Non-invasive methods are much simpler and have low risk. No surgery is required 
for the placement of sensors. Once the sensors are placed, the collected data is pro-
cessed to get the required information. These techniques are cheaper and user-
friendly and involve low risk which makes them more acceptable to the subject 
instead of invasive techniques. One of the main advantages of using a non-invasive 
method over an invasive method is that, for an invasive method, a professional spe-
cialist is required to perform the procedure. While in the case of non-invasive tech-
niques, scientists have developed many user-friendly devices which can be worn by 
the subject themselves with minimal supervision and the data can be easily 
recorded [5].

Both invasive and non-invasive techniques have some advantages and disadvan-
tages. One of the main disadvantages of non-invasive methods is their low signal-
to-noise ratio (SNR). To overcome this problem, the data is recorded under specific 
conditions to avoid noise and enhanced noise removal procedures are applied before 
using the data for analysis. Non-invasive methods generally yield less information 
rather than invasive techniques. Invasive sensors can be of different types such as 
single electrodes or multi-electrode arrays (MEA) [6]. Depending upon the type of 
the sensor, more precise information can be collected. For example, if the brain 
signals are recorded by inserting sensors inside the brain, the resulting information 
will be much more reliable, precise, and detailed rather than trying to collect the 
same data from outside the scalp of the subject. At the same time, invasive tech-
niques are more laborious and have a higher risk factor.

Invasive methods require trained professionals to insert sensors inside the body 
by operations or by inserting the sensor into a body opening. For example, for bone 
conduction hearing devices, surgery is performed to implant a device inside the skin 
of the subject and for endoscopy, a long tube with a camera is inserted to examine 
the inside of the subject’s body. Similarly, EEG can be collected invasively where 
EEG electrodes are surgically implanted on the surface or inside the brain. On the 
other hand, the non-invasive method includes X-rays, MRI, ECG, EEG, etc. In 
terms of biomedical signaling, EEG is one of the examples, in which the signals can 
be recorded in both invasive and non-invasive ways. The invasive EEG will have 
high spatial resolution and fewer artifacts with more risk while non-invasive EEG 
will have high temporal resolution with more artifacts and less risk.

1  Introduction to Non-Invasive Biomedical Signals for Healthcare
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1.3 � Non-Invasive Biomedical Signals

1.3.1 � Electroencephalography (EEG)

EEG is an electrophysiological signal that records brain activity in terms of electri-
cal potentials. It is a non-invasive technique to record the potential differences 
formed by the ionic currents between the brain neurons [7]. In 1875, Richard Canton 
performed the first neurophysiological recordings of animals. In 1924, Hans Berger 
a German psychiatrist recorded the first EEG of human subjects.

To record the EEG signals, the sensors, also known as EEG electrodes, are placed 
over the scalp of the subject at specific locations. Reference electrodes are required 
to record EEG data. EEG data for the required site is then collected as a potential 
difference between the two electrodes. These reference electrodes are generally 
placed beside the ear of the subject. EEG activity is quite small, measured in micro-
volts. The location of EEG electrodes is governed by international standards such as 
10–5, 10–10, and 10–20 systems among which the international 10–20 system of 
electrode placement is most used as shown in Fig. 1.1. This system of electrode 
placement is designed in such a way that the distance between the electrodes is 
either 10% or 20% of the total front-to-back or left-to-right distance of the skull [8].

The human brain is divided into four different lobes based on its location and 
tasks that it performs. The frontal lobe is responsible for concentration, attention, 
working memory, and executive planning. The temporal lobe is responsible for lan-
guage and memory, object recognition, music, and facial recognition. The parietal 
lobe is responsible for problem-solving, attention, and association. The occipital 
lobe controls visual learning and reading [9].

EEG is a complex time-series non-stationary signal which represents the electri-
cal activity of the brain. The EEG signal varies from 0.1 to more than 100 Hz and 
can be decomposed into different frequency bands such as delta (0.5–4 Hz), theta 
(4–8 Hz), alpha (8–13 Hz), beta (13–30 Hz), and gamma (30–100 Hz). Each fre-
quency band represents some specific physiological functions. Delta frequency 
band represents sleep, unawareness, deep unconsciousness, and complex 

Fig. 1.1  International 10–20 system of EEG electrodes placement and 14 channel EEG data
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problem-solving abilities of the brain. Theta frequency band represents the deep 
states, creativity, distractibility, anxiety, and depression. Alpha frequency band rep-
resents memory recall, alertness, peacefulness, relaxation, and meditation. The beta 
frequency band represents the thinking, alertness, attention, focus, and excitement 
of the subject. The Gamma frequency band represents the learning, problem-solving 
cognitive capabilities, and mental sharpness of the subject [9].

EEG electrodes are very sensitive and are prone to noise and have low SNR. Due 
to this, the EEG recordings are taken very carefully in silent rooms. Many artifacts 
still manage to appear into the recordings. Filtering and artifact removal techniques 
are utilized to remove such noises from the data. This extra procedure makes the 
EEG system complex and computationally expensive. The main advantage of EEG 
is its high temporal resolution, and the most important limitation of non-invasive 
EEG is its poor spatial resolution. The EEG is recorded non-invasively, by using 
electrodes placed over the scalp, however, the actual brain activity occurs several 
centimeters below the electrodes. This means that the cortical current must travel 
through different resistances including the scalp itself to be detected by the elec-
trode. This causes distortions and noise at the scalp level. Therefore, for non-invasive 
EEG acquisition, source localization is one of the primary steps in which the actual 
source of EEG in the brain is identified based on the surface EEG recording.

Event-related potentials (ERPs), also known as event-related voltage or evoked 
potentials coming from EEG data are time-locked to sensory, motor, and cognitive 
events. ERPs can be used to classify and identify perceptual, memory, and linguistic 
processes. ERPs originate from synchronous activations of the neuronal population 
during some specific task or information processing. The ERPs are usually observed 
by averaging EEG signals. Averaging makes the ERPs less effective to background 
noise in the EEG data and thus it can extract vital information about the event-
related activity which is otherwise difficult to differentiate in the ongoing EEG 
activity.

The human brain can develop different neurological and physiological diseases. 
Different techniques can be used to modulate EEG signals to enhance cognitive 
performance of subjects. Music can be used to regulate EEG signals to achieve 
calmness and relieve stress [10]. On the other hand, EEG can be used for the diag-
noses of neurological diseases such as epilepsy, Parkinson’s disease, multiple scle-
rosis, and Alzheimer’s disease. The most common use of EEG is to diagnose 
epilepsy [11] in which brain activities become abnormal. This can cause seizures 
and loss of awareness for some time. On the other hand, EEG is also used for diag-
noses and cure of many physiological disorders such as depression, post-traumatic 
stress disorder (PTSD), attention deficit hyperactivity disorder (ADHD), and autism. 
Different applications of EEG include but are not limited to diagnosing and check-
ing the status of brain injury, brain infections, tumors, etc. EEG can also be used to 
identify the reason for symptoms such as syncope, memory loss, confusion, or sei-
zures. EEG is also used to diagnose sleep disorders in which the EEG recordings 
must be taken while the subject is sleeping to analyze any disorders.

1  Introduction to Non-Invasive Biomedical Signals for Healthcare



6

1

0.8

0.6

0.4

0.2

0

Fig. 1.2  Sample 
MEG scan

1.3.2 � Magnetoencephalography (MEG)

MEG is a brain imaging technique that measures tiny magnetic fields inside the 
subject’s brain. Superconducting detectors and amplifiers (SQUIDs) are highly sen-
sitive devices that are used to detect magnetic fields of the brain without the emis-
sion of magnetic field or radiation. It generates a magnetic source image (MSI) to 
classify the specific part of the brain that is causing seizures.

Some of the advantages of MEG are its non-invasive nature, sensitivity and accu-
racy, and safety. MEG can also record the brain activities when it is actively func-
tional. MEG can be used to either detect the brain’s impulsive activity like a seizure 
or for mapping motor, sensory areas, memory, vision, and other functions of the 
brain. Due to the high sensitivity of the devices, the imaging is done in a specially 
designed shielded room with a video and intercom system to communicate with the 
subject and technicians. Electrodes are placed over the scalp of the subject while the 
head of the subject will remain in the helmet like MEG scanner. Movement of the 
head during the test may cause noise or artifacts in the recorded image so it is 
important to remain still during the test. While the technician may ask the subject to 
move certain body parts to measure the response in the brain. The sample MEG scan 
can be seen in Fig. 1.2.

MEG scan can be used by doctors to identify the source of seizures in the brain 
and determine if the subject requires seizure surgery or not. Generally, MEG is 
accompanied by EEG and magnetic resonance imaging (MRI) which creates an 
anatomical image of the brain.

1.3.3 � Electromyography (EMG)

EMG is used to diagnose the health of muscles and motor neurons that controls the 
contraction of those muscles [12]. Muscles contract when the motor neurons from 
the brain send electrical signals to them. The EMG activity is directly proportional 
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Fig. 1.3  Sample EMG signal

to the number of contracted muscles as well as the strength of the contracted mus-
cle. Generally, the range of the electrical signals captured by the electrodes is in 
microvolts. Non-invasive sticky electrodes are placed near the muscles over the skin 
to record their electrical activity. EMG is a process of translating these electrical 
activities into graphs.

The non-invasive nature of EMG allows us to monitor physiological processes 
without affecting movement patterns. To prepare the skin for high-quality EMG 
recordings, the area must be cleaned, and any residual makeup or dirt must be 
removed. To get valid and reliable EMG data, EMG electrodes are placed over the 
muscle group of interest. This requires a certain level of anatomic knowledge. To 
collect the EMG data, a reference electrode is required. EMG data for the required 
site is then collected as a potential difference between the two electrodes. The rec-
ommended reference sites are elbow, hip, and collar bones. Figure 1.3 shows an 
example of an EMG signal. The noise can be induced in EMG recordings from the 
surrounding power sources. To minimize such noises, the distance between the 
EMG sensors and the amplifier is kept minimum [13].

EMG is used to diagnose several muscle and nerve disorders. It is used to test if 
the muscle correctly responds to the nerve signal or not. Some of the common prob-
lems diagnosed by the EMG test are muscle weakness, muscle cramps, numbness in 
arms, legs, hands, feet, or face, and muscle paralysis [14]. Facial EMG (fEMG) is 
used for the detection of facial emotions.

1.3.4 � Electrocardiography (ECG)

ECG is a test that is performed to check the electrical activity and rhythm of the 
heart. A heart specialist might recommend taking an ECG test to check any unusual 
activity in the heartbeats of the subject. Sticky sensors are placed over the skin of 
the subject which detect the electrical activity produced by the contraction and 
expansion of the heart muscles [15]. The detected electrical activities are then 

1  Introduction to Non-Invasive Biomedical Signals for Healthcare
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recorded, and a graph is plotted. The doctor or the heart specialist then looks at these 
graphs to find any unusual behavior of the heart.

ECG can be carried out in many ways. Generally, several sticky ECG electrodes 
are placed on the arms, legs, and chest of the subject. These electrodes are con-
nected by the ECG machine via wires. Figure 1.4 (a) displays a sample ECG signal. 
The duration of the test is normally around 5 min after which the subject is free to 
go. There are three types of ECG tests. A resting-state ECG in which the subject 
must be lying down while the electrodes record the ECG signals. In stress ECG, the 
subject is required to do some exercise such as running on a treadmill. In an ambula-
tory ECG test, a small portable and wearable machine is used to monitor the ECG 
for a longer period such as a day or more [16]. The selection of the ECG test type is 
based on the suspected heart problem and is recommended by the heart specialist. 
For example, if the heart problem symptoms appear during a workout or some phys-
ical activity, a stress ECG test might be conducted while if the symptoms are unpre-
dicted or random, an ambulatory ECG test will be more suitable [17]. In the case of 
ambulatory ECG tests, the machine records and stores the collected data which can 
be later accessed by the specialist once the test is complete.

ECG devices record the electrical activities of the heart. These electrical activi-
ties are generated due to the contractions of the beating heart. The ECG machine 
records and prints or displays the electrical activity and rhythm of the subject on a 
graph. The spikes in the ECG graph represent one complete heartbeat. Each heart-
beat is composed of several spikes in which the first peak is a P wave which repre-
sents contracting atria, the largest one known as the R or QRS complex, occurs due 
to the contracting of ventricles. Before and after the QRS complex, inverted peaks 
can be seen which are known as Q and S waves respectfully. The last spike is the T 
wave which occurs because of the relaxation of ventricles again as shown in Fig. 1.4 
(b). There should be regularity in the spikes of ECG data. The distance between 
these spikes represents heart rate. Irregularities in these spikes can be a sign of a 
problem. Abnormalities in these rhythms indicate some heart disorders such as 
arrhythmia often known as heart attack which causes damage to the heart due to the 
lack of oxygen to the heart muscles. Similarly, the distance between the spikes 
should not be too short, or too long. If the spikes are too close, it can be a sign of 
tachycardia. Other tests might be required to confirm any heart problem.

Fig. 1.4  (a) Sample ECG signal (b) Components of ECG signal

D. Mahmood et al.
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Due to the non-invasive nature of the ECG test, there is very little risk in per-
forming the ECG. During the stress ECG, the subject is required to be monitored all 
the time and if the subject feels unwell, the test is immediately stopped. The removal 
of sticky electrodes might cause some discomfort, and, in some cases, a mild rash 
can be felt after the removal of the electrodes.

ECG is often performed along with other tests to diagnose potential heart prob-
lems such as chest pain, palpitations, dizziness, and shortness of breath. If the sub-
ject feels irregularities in the heartbeat or the heart beats too slowly or quickly, it is 
possibly due to arrhythmias. Coronary heart disease can occur if there is any block-
age in the blood supply of the heart. This can happen due to the build-up of fats in 
the blood vessel connected with the heart. If the supply of blood is suddenly stopped, 
it might cause a heart attack. Thickened walls of the heart might cause 
cardiomyopathy.

1.3.5 � Electrooculography (EOG)

EOG measures the resting potential between the front and the back of the human 
eye. Due to the neurons and ion channel, the back of the retina creates a negative 
pole. The EOG measures this potential difference by placing pair of electrodes near 
the eye (up and down or right and left) [18]. The electrodes are divided into two 
groups: horizontal and vertical electrodes. The horizontal electrodes are placed near 
the outer edges of the eyes. The vertical electrodes are placed above and below the 
eyes. A ground electrode is placed on the forehead as shown in Fig. 1.5 (a). This 
arrangement of EOG electrode placement allows us to examine the full movement 
of the eye. The movement of the human eye will change the effective distance 
between the poles and the electrodes. One electrode will become nearer to the nega-
tive side of the retina while the other will become nearer to the positive side. This 
change can be sensed by the electrodes as an electrical activity and hence can be 
recorded and plotted.

The potential difference changes with the change in the exposure to light. EOG 
is used to evaluate the efficiency of the pigment epithelium. In this test, a subject 

Ground
Vertical

Horizontal
Vertical

DARK LIGHT DARK LIGHT

Time Time

A
m
pl
itu

de

Normal EoG Abnormal EoG in Best Desease

1
2

A
m
pl
itu

de

1
2

a b c

Fig. 1.5  (a) EOG electrode position, (b)Normal EOG signal, (c) Abnormal EOG signal with 
Best disease

1  Introduction to Non-Invasive Biomedical Signals for Healthcare



10

with EOG electrodes is requested to sit (resting state) in a dark room with his/her 
eyes open. In this phase, the subjects adapt to the darkness in such a way that their 
EOG voltage decreases at the start and reaches a minimum value after some time. 
Then the lights in the room are turned on and the subject remains sitting there for 
another several minutes. In this phase, the EOG voltage will increase and eventually 
reaches a maximum point. Once the subject adapts to the lighting condition, the 
voltage will decrease again. The comparison of voltages in the dark and light phases 
is known as Arden Ratio (AR). Generally, the AR should be around 2.0, if the AR 
decreases to 1.8 or less, there are chances that the subject has the best disease, which 
is an inherited retinal disease causing macular degeneration and may cause loss of 
central vision, as well as the ability to perceive colors and details [19]. Figure 1.5 
(b) shows a normal EOG signal while Fig. 1.5 (c) displays an abnormal EOG signal 
with the best disease where AR is less than 1 [20].

Due to its non-invasive nature, portability, cheap price, and low risk of EOG, its 
applications are limitless [21]. The application of EOG in the diagnoses of diseases 
related to human eyes is just one example. Other applications of EOG include 
Human-Computer Interface (HCI). Many EOG-controlled assistive devices are 
available such as controlling wheelchair-using eye movement, video games con-
trolled by eyes, etc.

1.3.6 � Phonocardiogram (PCG)

PCG measures and plots the sounds and murmurs generated by the heart of the 
subject using a machine known as a phonocardiograph. The machine has a sensor 
that is placed over the chest of the subject to detect the sound and murmurs coming 
from the heart. These sounds are recorded, plotted on the screen, and can be listened 
to directly using a headphone. Figure 1.6 displays an example of PCG recording. 
The high resolution of phonocardiography makes this procedure very useful. These 
sounds and plots are then listened to or viewed by the specialist to diagnose any 
heart disease [22].

From ancient times, it is known that the heart makes a sound while beating. 
Robert Hooke proposed the idea of developing an instrument to record these sounds 
back in the seventeenth century. In the 1930s and 1940s, phonocardiography moni-
toring and recording equipment were developed. In the 1950s, the PCG was stan-
dardized in the first conference held in Paris [23]. NASA used the PCG system 
made by Beckman Instruments to monitor the heartbeat of astronauts in space.

The vibrations made by the opening and closure of the beating heart valves, and 
the movement of heart walls generates sounds. PCG records two sounds in each 
heartbeat. The first sound appears at the closure of atrioventricular valves during 
systole while the second sound appears at the end of systole when aortic and pulmo-
nary valves close. PCG is used for recording subaudible echoes and murmurs of the 
heart. On the other hand, a stethoscope is unable to detect such minor sounds. Hence 
a stethoscope cannot be used for a more precise diagnosis of heart disease.

D. Mahmood et al.
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Fig. 1.6  Sample PCG Signal

Some of the common uses of PCG are the detection of the rheumatic valvular 
lesion in which the valves of the heart are possibly damaged or not functioning well. 
The murmur of the aortic stenosis can also be detected using PCG in which the high 
pressure of blood through small openings of the aortic valve causes turbulence and 
hence cause intense vibrations. The non-invasive nature of PCG is very beneficial to 
diagnose several diseases related to the heart with a very low factor of risk. The 
murmur of mitral and aortic regurgitation in which the blood flows backward from 
the mitral and aortic valves during systole and diastole can also be detected by using 
PCG. Similarly, it is also used to detect the murmur of mitral stenosis in which the 
pressure difference causes difficulty while the blood passes from the left atrium to 
the left ventricle [24].

1.3.7 � Photoplethysmography (PPG)

PPG is a simple, non-invasive, and low-cost procedure, commonly used for moni-
toring heart rate. In PPG, a light source generally in the infrared range is used with 
a photodetector over the skin of the subject to measure the volumetric alterations of 
blood flows. The light is emitted on the tissue by the light source which is reflected 
and measured by the photodetector. This measurement is proportional to the volu-
metric variation of blood circulation. Recently, wearable PPG devices have been 
introduced. Depending upon the type of the device, these can be worn on different 
parts of the body such as the forehead, earlobe, forearm, fingertip, and ankle [25].

Several factors may affect the response of PPG such as the geometry of the sen-
sors being used, the intensity of the light source, ambient light, and photodiode 
sensing power. Other than that, the oxygen concentration and organ characteristics 
can also change the PPG recordings. Similarly, some cardiovascular factors may 
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also alter the PPG readings. This is the reason that different PPG devices are 
designed to use in different parts of the body. The basic working of PPG is shown in 
Fig. 1.7 (a). One of the main advantages of PPG over traditional heart monitoring 
devices such as ECG is its cheap cost and simplicity. Instead of using multiple elec-
trodes on the chest and other body parts in the case of ECG, a single PPG sensor is 
required to monitor heart rate.

A PPG signal has two parts, a pulsatile or AC component which is due to the 
heartbeats and causes synchronous variations in blood volume. The other part is the 
DC component which is superimposed on the AC component. The DC component 
of PPG is due to respiration and thermoregulation [26]. A sample PPG signal is 
shown in Fig. 1.7 (b).

Portable and wearable PPG devices have the potential for early detection of car-
diovascular diseases. PPG devices are widely used in various clinical applications. 
Some of the common applications of PPG are monitoring blood pressure and oxy-
gen saturation, heart rate, respiration, vascular assessment, arterial diseases or com-
pliance and aging, microvascular blood flow, thermoregulation, and orthostasis 
[27, 28].

1.3.8 � Magnetic Resonance Imaging (MRI)

MRI generates a three-dimensional anatomical image of the required organ of the 
subject. The non-invasive and high-resolution MRI allows the specialists to exam-
ine the organs, tissues, and skeleton system of the subject and diagnose several 
diseases. The working principle of MRI is that it detects the change in direction of 
the rotational axis of protons found in the living tissues using powerful magnets and 
radiofrequency [29]. Physicians can differentiate different types of tissues from the 
magnetic features of the MRI image. Figure 1.8 shows an MRI machine and an MRI 
image of a muscle.

To get an MRI image, the subject is placed inside a large tube-like magnet. The 
magnetic field aligns the water molecules inside the body for a fraction of time 
while radio waves are used to create a cross-sectional image of these aligned 

Fig. 1.7  (a) PPG sensor working principle (b) Sample PPG signal

D. Mahmood et al.
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Fig. 1.8  MRI Machine and Sample MRI image of a muscle

molecules. Sometimes, gadolinium is injected as a contrast material into the vein in 
the hand of the subject to enhance a variety of details. To ensure the best quality of 
the image, the subject must not move otherwise the MRI image might get blurred.

MRI of different body parts can be taken to diagnose different disorders. MRI of 
the brain might be required for the detection of stroke, tumors, or disorders in the 
spinal cord. In the 1990s, functional MRI (fMRI) was invented which is a non-invasive 
brain imaging technology. fMRI can detect brain activities by measuring changes in 
the blood flow within a specific part of the brain. This can be used to analyze the func-
tion of different brain regions. fMRI can detect which parts of the brain are activated 
during specific tasks such as lifting the leg and even just thinking about something. 
fMRI is being used by researchers to diagnose, better understand, monitor, and treat 
several diseases such as post-concussion syndrome, schizophrenia, tumors, etc.

MRI of the heart can be used to examine the working of the heart, functionality 
of heart chambers, and magnitude of damage after heart disease or blockages in the 
blood vessels of the heart. Similarly, MRI of internal organs such as kidneys, uterus, 
liver, etc. can be used for the detection and examination of tumors or abnormalities 
in them. It can also be used for the detection of breast cancer.

An MRI machine contains very strong magnets, the metal in the body of the 
subject might be dangerous. Metals that are not attracted to the magnets can still 
modify the MRI image. So, it is required to remove any metal item before taking the 
test [30]. Other than that, a doctor might avoid taking MRI if the subject has some 
kidney or liver problem and/or the subject is pregnant or breastfeeding [31].

1.4 � Biomedical Signal Processing

Biomedical signal processing deals with extracting significant and useful informa-
tion from the biomedical signals for medical purposes [32]. As the non-invasive 
techniques of the biomedical signal acquisition have a low peak signal-to-noise 
ratio (PSNR), advanced signal processing methods are developed and used to extract 
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the required user information. A full-time check on patients’ heartbeat, blood pres-
sure sugar levels, and neural activity can extensively improve medical diagnosis. 
This monitoring is not only used to know the status of the patient’s body but also to 
diagnose diseases in the body. With the help of biomedical signal processing, biolo-
gists can develop methods for the detection, monitoring, and cure of diseases. 
Proper processing and analysis of biomedical signals can provide numerous advan-
tages in the field of medicine. The four steps involved in the processing of sig-
nals are:

1.4.1 � Signal Acquisition

The first step is a signal acquisition which deals with capturing a signal from the 
subject. A hardware device is used to capture biomedical signals from the subject 
body. Analog signals are recorded and transformed into digital signals.

1.4.2 � Signal Visualization and Annotation

Visualizing the recorded biomedical signals gives significant information which can 
effectively boost the analyzing procedures. Currently, periodograms and spectro-
grams are used for visualization and analyses [33]. A periodogram determines the 
frequency spectrum of a biomedical signal and is the most used tool for visualiza-
tion. A spectrogram is a visual representation of signal strength over time at various 
frequencies. A spectrogram is a 2-dimensional graph where the color represents the 
signal strength. Modern tools e.g., MATLAB, LABVIEW provide built-in apps to 
visualize and analyze the data in time as well as a frequency domain.

1.4.3 � Artifacts Removal and Preprocessing

Artifact Removal is a preprocessing step that involves removing any artifact, error, 
or noise from the recorded data before processing and analysis of biomedical sig-
nals. Different biomedical signals have different types of noise. For example, power 
line noise can be found in PCR and EEG data. In ECG data, baseline wanders arti-
fact can be found which is a low-frequency data superimposed on the recorded ECG 
signal. Similarly in MRI data, motion artifacts and external magnetic field artifacts 
are very common. In addition, the noise can be found in the recorded biomedical 
signals due to faulty or improper use of the acquisition instrument such as disloca-
tion of electrodes/sensors. Noise in the recorded signals might also be found in the 
acquisition that does not follow the standard procedures while recording the data 

D. Mahmood et al.



15

such as recording from unclean skin, unwanted movements of body parts while 
recording, interference of electrodes, and impedance from power sources. Non-
invasive biomedical signal acquisition techniques often yield low PSNR. These arti-
facts or noise can interfere with the diagnostic system and may result in improper 
classification or detection of diseases. Different artifact removal methods are avail-
able based on the type of artifacts in the signals [34]. Some artifacts or noise such 
as powerline interference and DC component in the recording can be removed by 
using the filtration method. To remove more complicated artifacts or noise, many 
filtration and machine learning models are available. After that, various preprocess-
ing steps are implemented which include dealing with missing values, data normal-
ization, outlier removal, etc. before using the recorded biomedical signal.

1.4.4 � Feature Extraction

Feature extraction is a process in which raw data is used to extract useful informa-
tion that can be processed by machine learning or deep learning models. The model 
uses these features to classify the data. Raw data is not useful until feature extrac-
tion is done. Features can be extracted manually as well as automatically. Feature 
extraction is generally based upon the required classification. For instance, Nawaz 
et al. [35] provided a comparison between different methods for feature extraction 
for the classification of emotions using EEG data. For manual feature extraction, 
Fast Fourier transform (FFT) is widely used in biomedical signal processing [36]. 
The FFT involves the conversion of a time domain signal into a frequency domain 
signal. FFT can achieve high efficiency because a smaller number of calculations 
are required to evaluate a waveform. For automatic feature extraction, the wavelet 
scattering method is used which creates the representation of a signal into a function 
called waves. A wavelet can acquire both local as well as temporal spectra. Two 
types of wavelet transformation, discrete and continuous wavelet transforms are 
often considered while extracting features automatically [37]. Discrete wavelets 
transform gives back data of equal length as that of input while the continuous trans-
form returns an array with high dimensions data as compared to the input. Other 
than these methods, statistical feature extraction also plays an important role in the 
signal analysis [38]. Some commonly used statistical features are mean, variance, 
skewness, and kurtosis.

In Fig. 1.9, we can see all the steps and observe that after feature extraction we 
can use these features for multiple purposes. Medical diagnoses are made very easy 
with visualization and manipulation of features using digital tools. Machine learn-
ing is used to identify various patterns in the signal which can lead to major 
discoveries.
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Fig. 1.9  Flow of biomedical signal processing

1.5 � Machine Learning in Biomedical Signal Analysis

After the first mathematical modeling of neural networks in, machine learning was 
invented. In 1943, Warren McCulloch published a paper in which he mathemati-
cally mapped decision-making and thought processes in human cognition [39]. 
Alan Turing proposed a “Turing Test” in 1950 which can classify any system to be 
intelligent or unintelligent [40]. The idea behind this test is that a machine can be 
considered intelligent if it can convince humans that the machine is also a human. 
After this point, many machine learning models and processes started to appear, and 
a new era of smart and intelligent machines was started.

Machine Learning (ML) enables software and applications became more effi-
cient in predicting outcomes and results using trained data. The concepts of machine 
learning are used in various fields like health care, finance, marketing, new develop-
ments in cyber security, and other significant fields [41]. Machine learning has 
proven its application in various domains, and it is also widely used in biomedical 
signal processing and healthcare. It can be beneficial in extracting, analyzing, and 
visualizing various signals as well as for the detection and classification of biomedi-
cal signals such as ECG, EMG, EEG, etc. [42]. Deep neural networks (DNN) have 
enabled us to achieve more accurate and robust results of detection and classifica-
tion of biomedical signals. Applications of DNN in biomedical signal processing 
includes classification of ECG signals [43], brain tumor classification [44], missing 
data prediction in ECG signals [45], and many more. Convolutional Neural net-
works (CNN) have also played an important role in this filed such as drowsiness 
detection [46], detection of congestive heart failure [47], classification of EEG data 
listening to different kinds of music [48], EEG signal classification for emotion 
recognition [49] etc.

With the advancement in medical science and the increase in environmental pol-
lution, many new diseases have been detected. Some mild intensity of diseases can 
be cured by simple over the counter medicines. But other diseases require proper 
diagnoses, clinical surgeries, and treatments. To correctly cure any disease, proper 
diagnoses must be carried out for which correct evaluation of symptoms and bio-
medical signals from the human body is required. Machine Learning may assist in 
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making the right decision for the diagnosis and treatment of diseases. To develop 
automated symptoms and disease diagnostic systems, the contribution of machine 
learning is very important, e.g., for the segmentation of skin lesions, tumors, cancer 
cells, etc. Normal practice is the observation by radiologists or other specialists that 
puts a high burden on them in terms of time and cost and it also results in inter and 
intra-rater variability. Hence developing automated systems using machine learning 
can decrease the burden on radiologists and specialists.

After analysis, the next step is a prediction of the right treatment for the patients. 
This prediction could be challenging if developers have not designed an intelligent 
system. Machine learning allows the development of efficient and reliable systems 
for the prediction of diseases as well as medicines. For analysis and diagnosis of 
disease in the human body, different models of machine learning can be used. There 
are two main types of machine learning algorithms, supervised and non-supervised 
learning models. In supervised learning models such as support vector machine 
(SVM), naïve Bayes (NB), and K-nearest neighbor (KNN), the models are trained 
on a labeled dataset containing the ground truth. The dataset provided to the model 
contains data from diseased and healthy subjects. The model is trained in such a 
way that once it is trained, it can predict that either the subject has the disease or not. 
In medical science, the availability of labeled datasets is very limited as it requires 
a lot of time and effort by healthcare professionals and specialists. To overcome 
such problems, unsupervised ML models such as K-means, Gaussian mixture, and 
neural networks can be trained without the need for the labeled dataset. These mod-
els extract features from the non-labeled dataset and classify them based on those 
features extracted [50].

The impact of ML cannot be denied in health care and medicine because of its 
capability for disease detection, management, and treatment [51]. Disease diagnosis 
through machine learning techniques can reduce the risk of losing patients’ life. 
Advanced algorithms are used nowadays for a prior diagnosis of epilepsy, heart 
attack, and other fatal diseases. It is now easy to handle big data through ML as 
many advancements and modifications have been made. The processing, analyzing, 
and characterizing of biomedical signals is now done efficiently using ML 
approaches. Biomedical signals such as MRI, (CT), (PET), whole slide images 
(WSIs), ECG, EEG, EMG, etc. are very important and significant for analyzing and 
determining the current condition of some diseases in the human body. The diagno-
sis of diseases in a traditional way in which health specialists visually inspect the 
biomedical signals can induce a risk of human error and ambiguities. ML methods 
remove these limitations providing low-risk systems. Signal feature extraction is 
one of the techniques in ML that provides systematic visualization of biomedical 
signals. Modern ML methods provide advantages in noise reduction, artifact 
removal, and early detection of diseases. ML can be used for the classification and 
clustering of biomedical signals and images. For small dataset, classical ML is used 
and optimized by following the conditions that suit microcontrollers that are inbuilt 
into biomedical signal processing devices. This requires the correct selection of ML 
algorithms that are done by experts in ML.
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1.6 � Brain-Computer Interface BCI)

Research and advancements in BCI began in the 1970s by Jacques Vidal at the 
University of California, Los Angeles (UCLA). He published his studies of control-
ling external objects using EEG signals in 1973 and stamped the name brain control 
interface [52]. Cogent Negative variation (CNV) was a major part of his publica-
tions. He calculated the evoked electrical activity of the cerebral cortex from the 
skull using EEG [53]. In 1988, Farwell and Donchin [54] added another achieve-
ment in establishing direct communication between a computer and the brain of an 
individual. After these initial establishments, a lot of progress was made by devel-
opers. In 1990, research was done on bidirectional adaptive BCI controlling com-
puter buzzers. These studies and research opened the path for the concept of BCI 
technologies to restore brain functionality.

The brain-computer interface, often called the brain interface machine, provides 
a direct communication door between the brain’s electrical activity and an external 
device [55]. The physical implementation of the BCI ranges from non-invasive to 
invasive methods [56]. BCI system acquires brain signals from the subject, pro-
cesses these signals which might contain preprocessing such as noise reduction, 
feature extraction according to the application of BCI, and classification of the brain 
signals into useful commands, and returns a feedback information to the subject as 
per application to enhance certain brain functions.

There are a lot of applications of BCI in medical, educational, and other fields 
which makes it an important topic for research and development. The medical appli-
cation can be divided into 3 parts, prevention, detection, and rehabilitation. In pre-
vention, BCI techniques are used to prevent a subject from certain diseases or habits 
such as smoking and alcohol. This is done by first training a subject specific classi-
fier that learns the EEG pattern of smoking and neutral cue and then the subject is 
asked to deactivate their real-time EEG activity patterns of smoking cue calculated 
using a previously constructed classifier [57]. The possible loss of function and 
decrease in alertness level resulting from smoking and or alcohol drinking can be 
prevented. Similarly, in detection, BCI can be used for forecasting and detecting 
health issues such as abnormal brain structure. Diseases such as stroke can be 
detected before time so that the subject can gather proper medical help. Rehabilitation 
is another important medical application of BCI in which the subjects who suffer 
from mobility disorders after strokes and other traumatic brain disorders can be 
trained to regain their previous level of these functions by helping to guide activity-
dependent brain plasticity using EEG to indicate to the current state of brain to the 
subject and enable the subject to subsequently lower abnormal activity [58]. EEG-
based BCI uses brain signals to control robotic arms, artificial limbs, wheelchairs, 
and other prosthetic devices [59]. The BCI approach allows the disabled individual 
to use their limbs and voice once again to communicate with the world [60].

The applications of BCI are not limited to the medical field but smart environ-
ment such as smart homes, safer transportation, and brain-controlled home appli-
ances is also a major use of BCI [61]. The use of BCI to monitor the stress and 
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attention of the driver and assist drivers during transportation in reducing the risk of 
accidents on roads [62]. Furthermore, marketing and advertisements have also been 
an interest of researchers. BCI-based advertisement is being implemented in which 
the attention and watching activity of the subject is analyzed and the most effective 
advertisements are displayed to the audience.

Moreover, in the educational field, BCI techniques such as neurofeedback train-
ing are being used to enhance the performance of the subject’s brain including 
improvement in alertness, focus, and cognitive skills of the subject. The entertain-
ment industry is also using BCI to enhance the user’s involvement in games. BCI is 
being used to control toys and video games that attract more and more users to try 
and use them. BCI is being used in security as well, where cognitive biometrics 
(such as brain signals) are used as sources of identity information, reducing vulner-
abilities and the chance of being hacked [63].

BCI techniques have some challenges that need to be resolved for user accep-
tance. The usability of BCI has certain challenges such as the training process which 
is necessary to discriminate between classes. In the training process, the subject is 
taught to use the system as well as control the brain feedback signal. After training, 
the BCI system would be able to classify or do certain functions as per the subject’s 
requirements. Noise in the recordings of brain activities can reduce the performance 
of the BCI system. For this, the subject must be careful while using BCI. Time con-
sumption also played an important role in the acceptability of BCI in normal life as 
the training process can be very long. Other than that, there are a few technical 
issues such as the non-linearity of the brain signals. Thus, the noise or artifact 
removal process is computationally expensive.

1.7 � Neurofeedback & Biofeedback Systems

Hans Berger, a German researcher was the first to use EEG devices on human sub-
jects in the 1920s, by attaching electrodes to the scalp and measuring the produced 
currents [64]. After this, in the 1950s and 1960s, a method of altering brain activities 
was formulated by Dr. Joseph Kamiya and Dr. Barry and they called it Neurofeedback 
[65]. The main concept behind this system is that if a subject is offered a simple 
reward system, he/she can control their brain waves. Dr. Kamiya used a simple bell 
sound based on the subject’s EEG as a reward to achieve an alpha state.

Biofeedback has been found in ancient times where Indian Yogis used to practice 
similar yoga and transcendental meditation [66]. The modern biofeedback was first 
documented in 1969. The concept behind this is the feedback formalized by cyber-
netics during World War II [67]. Biofeedback instruments deployed modern elec-
tronic technologies in the field of psychiatry.

In the biofeedback treatment method, self-regulation of the bodily process is 
achieved by monitoring some aspect of the physiological functioning of the subject 
using electronic devices, and feedback is provided to the subject, generally in the 
form of audio or video, so that the subject can learn to alter that function in some 
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way. Some subjects used biofeedback training to control heartbeat and body tem-
perature [68]. Similarly, biofeedback training can be used to train subjects to gain 
control over blood pressure, skin temperature, and electrical activities of the brain.

In EMG biofeedback, electrical changes in specific muscle groups are converted 
into electrical signals and displayed to the subject. Similarly, thermal biomedical 
signals use skin temperature as feedback to train the subject to control blood flow 
and blood pressure. Electrodermal (EDR) biofeedback measures skin conduction 
and uses it as feedback to reduce the sympathetic tone of the subject [69].

Some of the common applications of biofeedback include the treatment of head-
aches, Cardiovascular disorders including hypertension, cardiac arrhythmias, and 
Raynaud’s disease. Neuromuscular rehabilitation such as spasmodic torticollis, 
blepharospasm, and chronic pain can also be achieved by using biofeedback train-
ing [70]. Similarly, gastrointestinal disorders can also be treated using biofeedback 
methods [71].

Neurofeedback training is a non-invasive form of therapy used to regulate brain 
waves. This process has been found helpful in the treatment of various neurological 
disorders and psychological disorders. In neurofeedback training, EEG signals are 
used to detect brain activities of the subject and real-time feedback is provided to 
the subject to improve certain functions of the brain. Neurofeedback training is also 
widely used to improve brain activity to obtain cognitive and behavioral improve-
ments [72]. Alpha neurofeedback training can be used for cognitive enhancement of 
healthy subjects [73]. Other applications of Neurofeedback training include 
improvement in cognitive processing speed and executive functions [74], decreas-
ing anxiety [75], treatment of epilepsy disorder and ADHD [76], improvement in 
artistic performance [77], and improvement in intelligence testing and psychologi-
cal assessments [78].

1.8 � Conclusion

In this chapter, a brief introduction to non-invasive biomedical signals for health-
care is provided. Biomedical signals are the recordings of the physiological activi-
ties occurring inside a human body. These signals can be recorded from different 
parts of the body such as the brain, heart, eyes, etc. The use of biomedical signals 
has enabled professionals to get a deep insight into the working of different body 
parts of the subject. Non-invasive biomedical signals are usually very prone to 
noises. This requires some extra preprocessing steps before using the signals for 
analysis. First, the data is recorded with a lot of care to minimize the noise. The 
recorded data is then visualized, and artifact removal methods are implemented 
which remove the signals not associated with the activities of the observed body 
part. Once the signal is cleaned, the features are extracted. These features are then 
fed to machine learning algorithms for the analysis of different diseases and disor-
ders. Non-invasive biomedical signals have been used to detect and prevent various 
diseases and disorders. ECG and PCG have been used for the detection of 
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heart-related diseases. Similarly, EEG can be used for early diagnoses of neurologi-
cal and psychological disorders. The applications of non-invasive biomedical sig-
nals are not only limited to the cure and prevention of diseases, but these signals can 
also be used for the improvement and betterment of human cognitive and physical 
health. EEG can be used to improve the cognition and mental health of the subject. 
PPG can be used to monitor blood pressure, heart rate, and oxygen saturation in the 
blood. Applications of non-invasive biomedical signals such as neurofeedback and 
biofeedback training enabled us to enhance mental and physical health.

1.9 � Teaching Assignments

	1.	 Describe different types of biomedical signals.
	2.	 Differentiate between invasive and non-invasive acquisition procedures of bio-

medicals signals with examples.
	3.	 Explain different steps involved in Biomedical signal processing.
	4.	 What are features and what is meant by feature extraction?
	5.	 Briefly describe Brain Computer Interface and what are its applications.
	6.	 What is biofeedback therapy?
	7.	 What are the benefits of Biofeedback?
	8.	 Explain how Neurofeedback training works.
	9.	 What is neurofeedback training used for?

References

1.	H.-H. Chang, J.M. Moura, Biomedical signal processing. Biomed. Eng. Design Handbook 2, 
559–579 (2010)

2.	R. Delgado-Gonzalo et al., Evaluation of accuracy and reliability of PulseOn optical heart rate 
monitoring device, in 2015 37th Annual International Conference of the IEEE Engineering in 
Medicine and Biology Society (EMBC), (IEEE, 2015)

3.	P. Patel, M. Sarkar, S. Nagaraj, Ultra wideband channel characterization for invasive biomedi-
cal applications, in 2016 IEEE 17th Annual Wireless and Microwave Technology Conference 
(WAMICON), (IEEE, 2016)

4.	K.S. Litvinova et al., Non-invasive biomedical research and diagnostics enabled by innovative 
compact lasers. Prog. Quant. Electron. 56, 1–14 (2017)

5.	C.D. Block et al., Minimally-invasive and non-invasive continuous glucose monitoring sys-
tems: Indications, advantages, limitations and clinical aspects. Curr. Diabetes Rev. 4(3), 
159–168 (2008)

6.	M.E. Spira, A. Hai, Multi-electrode array technologies for neuroscience and cardiology. Nat. 
Nanotechnol. 8(2), 83–94 (2013)

7.	K. Blinowska, P. Durka, Electroencephalography (Eeg) (Wiley encyclopedia of biomedical 
engineering, 2006)

8.	R.W. Homan, J. Herman, P. Purdy, Cerebral location of international 10–20 system electrode 
placement. Electroencephalogr. Clin. Neurophysiol. 66(4), 376–382 (1987)

1  Introduction to Non-Invasive Biomedical Signals for Healthcare



22

9.	H.  Marzbani, H.  Marateb, M.  Mansourian, Methodological note: Neu-rofeedback: A com-
prehensive review on system design, Methodol-ogy and clinical applications. Basic Clin. 
Neurosci. 7(2), 143–158 (2016) 10.15412

10.	D. Mahmood et al., The effect of music listening on EEG functional connectivity of brain: A 
short-duration and long-duration study. Mathematics 10(3), 349 (2022)

11.	U.  Amin, S.R.  Benbadis, The role of EEG in the erroneous diagnosis of epilepsy. J.  Clin. 
Neurophysiol. 36(4), 294–297 (2019)

12.	M. Simão et al., A review on electromyography decoding and pattern recognition for human-
machine interaction. Ieee Access 7, 39564–39582 (2019)

13.	B. Farnsworth, What Is EMG (Electromyography) and How Does It Work?
14.	E. An, Electromyography (EMG) and Nerve Conduction Studies
15.	Y. Sattar, L. Chhabra, Electrocardiogram, in StatPearls [Internet], (StatPearls Publishing, 2021)
16.	J. Xue, L. Yu, Applications of machine learning in ambulatory ECG. Heart 2(4), 472–494 (2021)
17.	M.  Collins et  al., A review of hand-held electrocardiogram (ECG) recording devices. Eur. 

J. Cardiovasc. Nurs. 20(Supplement_1), zvab060 (2021)
18.	D.J. Creel, The electroretinogram and electro-oculogram: Clinical applications by Donnell. 

J. Creel. Webvision: The Organization of the Retina and Visual System (2015)
19.	J. Seggie et al., Retinal pigment epithelium response and the use of the EOG and Arden ratio 

in depression. Psychiatry Res. 36(2), 175–185 (1991)
20.	L. Voxuan, Recognizing Best's disease: Two cases of this rare condition, involving a mother and 

son, demonstrate an assortment of diagnostic challenges. Rev. Optom. 147(11), 87–91 (2010)
21.	J. Heo, H. Yoon, K.S. Park, A novel wearable forehead EOG measurement system for human 

computer interfaces. Sensors 17(7), 1485 (2017)
22.	Britannica. phonocardiography. 2019 4 July 2022; Available from: https://www.britannica.

com/science/phonocardiography
23.	H.B. Sprague, History and present status of phonocardiography. IRE Trans. Med. Electron. 

PGME-9, 2–3 (1957)
24.	A. Sa-Ngasoongsong et al., A low-cost, portable, high-throughput wireless sensor system for 

phonocardiography applications. Sensors 12(8), 10851–10870 (2012)
25.	D. Castaneda et al., A review on wearable photoplethysmography sensors and their potential 

future applications in health care. International journal of biosensors & bioelectronics 4(4), 
195–202 (2018)

26.	J.  Allen, Photoplethysmography and its application in clinical physiological measurement. 
Physiol. Meas. 28(3), R1–R39 (2007)

27.	A.M. Johnson, R. Jegan, X.A. Mary, Performance measures on blood pressure and heart rate 
measurement from PPG signal for biomedical applications, in 2017 International Conference 
on Innovations in Electrical, Electronics, Instrumentation and Media Technology (ICEEIMT), 
(IEEE, 2017)

28.	S. Bagha, L. Shaw, A real time analysis of PPG signal for measurement of SpO2 and pulse rate. 
Internat. J. Computer Applicat. 36(11), 45–50 (2011)

29.	J.C.  Richardson et  al., Pharmaceutical applications of magnetic resonance imaging (MRI). 
Adv. Drug Deliv. Rev. 57(8), 1191–1209 (2005)

30.	S.E. Alert, Preventing accidents and injuries in the MRI suite
31.	E.K. Weidman et al., MRI safety: A report of current practice and advancements in patient 

preparation and screening. Clin. Imaging 39(6), 935–937 (2015)
32.	N. Dey, Classification and clustering in biomedical signal processing. IGI global (2016)
33.	M.  Elgendi, Eventogram: A visual representation of main events in biomedical signals. 

Bioengineering 3(4), 22 (2016)
34.	D.  Mahmood, H.  Nisar, Y.V.  Voon, Removal of Physiological Artifacts from 

Electroencephalogram Signals: A Review and Case Study, in 2021 IEEE 9th Conference on 
Systems, Process and Control (ICSPC 2021), (IEEE, 2021)

35.	R. Nawaz et al., Comparison of different feature extraction methods for EEG-based emotion 
recognition. Biocybernetics and Biomedical Engineering 40(3), 910–926 (2020)

D. Mahmood et al.

https://www.britannica.com/science/phonocardiography
https://www.britannica.com/science/phonocardiography


23

36.	S. Krishnan, Y. Athavale, Trends in biomedical signal feature extraction. Biomedical Signal 
Processing and Control 43, 41–63 (2018)

37.	A.A.  Al-Taee et  al., Feature extraction using wavelet scattering transform coefficients for 
EMG pattern classification, in Australasian Joint Conference on Artificial Intelligence, 
(Springer, 2022)

38.	J. Rafiee et al., Feature extraction of forearm EMG signals for prosthetics. Expert Syst. Appl. 
38(4), 4058–4067 (2011)

39.	W.S. McCulloch, W. Pitts, A logical calculus of the ideas immanent in nervous activity. Bull. 
Math. Biophys. 5(4), 115–133 (1943)

40.	A.M. Turing, J. Haugeland, Computing Machinery and Intelligence (Verbal Behavior as the 
Hallmark of Intelligence, The Turing Test, 1950), pp. 29–56

41.	P.P. Shinde, S. Shah, A review of machine learning and deep learning applications, in 2018 
fourth international conference on computing communication control and automation 
(ICCUBEA), (IEEE, 2018)

42.	V. Patel, A.K. Shah, Machine learning for biomedical signal processing, in Machine Learning 
and the Internet of Medical Things in Healthcare, (Elsevier, 2021), pp. 47–66

43.	S.K.  Dhull, K.K.  Singh, ECG beat classifiers: A journey from ANN to DNN.  Procedia 
Computer Sci. 167, 747–759 (2020)

44.	N. Ghassemi, A. Shoeibi, M. Rouhani, Deep neural network with generative adversarial net-
works pre-training for brain tumor classification based on MR images. Biomedical Signal 
Processing and Control 57, 101678 (2020)

45.	S. Banerjee, G.K. Singh, Deep neural network based missing data prediction of electrocar-
diogram signal using multiagent reinforcement learning. Biomedical Signal Processing and 
Control 67, 102508 (2021)

46.	S. Chaabene et al., Convolutional neural network for drowsiness detection using EEG signals. 
Sensors 21(5), 1734 (2021)

47.	M. Porumb et al., A convolutional neural network approach to detect congestive heart failure. 
Biomedical Signal Process. Cont. 55, 101597 (2020)

48.	K.H. Cheah et al., Convolutional neural networks for classification of music-listening EEG: 
Comparing 1D convolutional kernels with 2D kernels and cerebral laterality of musical influ-
ence. Neural Comput. & Applic. 32(13), 8867–8891 (2020)

49.	S. Madhavan, R.K. Tripathy, R.B. Pachori, Time-frequency domain deep convolutional neural 
network for the classification of focal and non-focal EEG signals. IEEE Sensors J. 20(6), 
3078–3086 (2019)

50.	A. Anuragi, D.S. Sisodia, Empirical wavelet transform based automated alcoholism detecting 
using EEG signal features. Biomedical Signal Process. Cont. 57, 101777 (2020)

51.	M. Fatima, M. Pasha, Survey of machine learning algorithms for disease diagnostic. J. Intell. 
Learn. Syst. Appl. 9(01), 1–16 (2017)

52.	C. Marquez-Chin, N. Kapadia-Desai, S. Kalsi-Ryan, Brain–Computer Interfaces (Springer, 
2021), pp. 51–65

53.	J.J.  Vidal, et  al., Biocybernetic control in man-machine interaction: final technical report 
1973-1974. California univ los angeles school of engineering and applied science (1974)

54.	L.A. Farwell, E. Donchin, Talking off the top of your head: Toward a mental prosthesis utilizing 
event-related brain potentials. Electroencephalogr. Clin. Neurophysiol. 70(6), 510–523 (1988)

55.	C. Guger, B.Z. Allison, A. Gunduz, Brain-computer interface research: A state-of-the-art sum-
mary 10, in Brain-Computer Interface Research, (Springer, 2021), pp. 1–11

56.	S. Waldert, Invasive vs. non-invasive neuronal signals for brain-machine interfaces: Will one 
prevail? Front. Neurosci. 10, 295 (2016)

57.	J. Bu, X. Zhang, BCI-based neurofeedback training for quitting smoking, in Brain-Computer 
Interface Research, (Springer, 2021), pp. 13–23

58.	J.J. Daly, J.R. Wolpaw, Brain–computer interfaces in neurological rehabilitation. The Lancet 
Neurology 7(11), 1032–1043 (2008)

1  Introduction to Non-Invasive Biomedical Signals for Healthcare



24

59.	M.M. Moore, Real-world applications for brain-computer interface technology. IEEE Trans. 
Neural Syst. Rehabil. Eng. 11(2), 162–165 (2003)

60.	J.J. Shih, D.J. Krusienski, J.R. Wolpaw, Brain-computer interfaces in medicine, in Mayo Clinic 
Proceedings, vol. 87, (Elsevier, 2012), pp. 268–279

61.	M.C. Domingo, An overview of the internet of things for people with disabilities. J. Netw. 
Comput. Appl. 35(2), 584–596 (2012)

62.	J.-R. Wang, S. Hsieh, Neurofeedback training improves attention and working memory perfor-
mance. Clin. Neurophysiol. 124(12), 2406–2420 (2013)

63.	D.T. Karthikeyan, B. Sabarigiri, Enhancement of multi-modal biometric authentication based 
on iris and brain neuro image coding. Int. J. Biom. Bioinform.(IJBB) 5, 249 (2011)

64.	R. İnce, S.S. Adanır, F. Sevmez, The inventor of electroencephalography (EEG): Hans Berger 
(1873–1941). Childs Nerv. Syst. 37(9), 2723–2724 (2021)

65.	C. Kerson, A Neurofeedback Story (Neurofeedback. The First Fifty Years, 2019), p. 229
66.	J.  Blumenthal, Relaxation therapies and biofeedback: Applications in medical practice, in 

Consultation Liaison Psychiatry and Behavioural Medicine, (WB Saunders, Philadelphia, 
1988), pp. 272–283

67.	R.R.  Kline, The cybernetics moment: Or why we call our age the information age (JHU 
Press, 2015)

68.	P.M.  Lehrer, Biofeedback training to increase heart rate variability. Principl. Pract. Stress 
Manag. 3, 227–248 (2007)

69.	A.M.  Freedman, H.I.  Kaplan, B.J.  Sadock, Comprehensive textbook of psychiatry (1975), 
pp. 1350–1350

70.	J.P.  Hatch, R.J.  Gatchel, R.  Harrington, Biofeedback: Clinical applications in medicine, in 
Handbook of Psychology and Health, (Routledge, 2021), pp. 37–73

71.	A.L. Davidoff, W.E. Whitehead, Biofeedback, relaxation training, and cognitive behavior mod-
ification: Treatments for functional GI disorders, in Handbook of Functional Gastrointestinal 
Disorders, (2020), pp. 361–384

72.	R.  Nawaz, H.  Nisar, Y.V.  Voon, Changes in spectral power and functional connectivity of 
response-conflict task after neurofeedback training. IEEE Access 8, 139444–139459 (2020)

73.	R.  Nawaz et  al., The effect of alpha neurofeedback training on cognitive performance in 
healthy adults. Mathematics 10(7), 1095 (2022)

74.	E.  Angelakis et  al., EEG neurofeedback: A brief overview and an example of peak alpha 
frequency training for cognitive enhancement in the elderly. Clin. Neuropsychol. 21(1), 
110–129 (2007)

75.	J.V. Hardt, J. Kamiya, Anxiety change through electroencephalographic alpha feedback seen 
only in high anxiety subjects. Science 201(4350), 79–81 (1978)

76.	H. Heinrich, H. Gevensleben, U. Strehl, Annotation: Neurofeedback–train your brain to train 
behaviour. J. Child Psychol. Psychiatry 48(1), 3–16 (2007)

77.	J. Raymond et al., Biofeedback and dance performance: A preliminary investigation. Appl. 
Psychophysiol. Biofeedback 30(1), 65–73 (2005)

78.	L. Thompson, M. Thompson, A. Reid, Neurofeedback outcomes in clients with Asperger’s 
syndrome. Appl. Psychophysiol. Biofeedback 35(1), 63–81 (2010)

D. Mahmood et al.


	Chapter 1: Introduction to Non-Invasive Biomedical Signals for Healthcare
	1.1 Introduction to Biomedical Signals
	1.2 Invasive and Non-Invasive Procedures
	1.3 Non-Invasive Biomedical Signals
	1.3.1 Electroencephalography (EEG)
	1.3.2 Magnetoencephalography (MEG)
	1.3.3 Electromyography (EMG)
	1.3.4 Electrocardiography (ECG)
	1.3.5 Electrooculography (EOG)
	1.3.6 Phonocardiogram (PCG)
	1.3.7 Photoplethysmography (PPG)
	1.3.8 Magnetic Resonance Imaging (MRI)

	1.4 Biomedical Signal Processing
	1.4.1 Signal Acquisition
	1.4.2 Signal Visualization and Annotation
	1.4.3 Artifacts Removal and Preprocessing
	1.4.4 Feature Extraction

	1.5 Machine Learning in Biomedical Signal Analysis
	1.6 Brain-Computer Interface BCI)
	1.7 Neurofeedback & Biofeedback Systems
	1.8 Conclusion
	1.9 Teaching Assignments
	References




