
PROGRESS IN MEDICAL SCIENCES, 2023
VOL 7, NO. 1, PAGE 1 – 4
DOI: doi.org/10.47363/PMS/2023(7)E175

Open AccessREVIEW ARTICLE

ISSN: 2577-2996

Magnetic Resonance Imaging (MRI): Principles, System, Engineering Considerations for 
Image Optimization, and Medical Applications

Contact: Somashekharayya Hiremath, Senior Research and Development Engineer, Medical Devices, MRI, Diagnostic Technology, Healthcare, 
USA.

© 2023 The Authors. This is an open access article under the terms of the Creative Commons Attribution NonCommercial ShareAlike 4.0  (https://
creativecommons.org/licenses/by-nc-sa/4.0/).

ARTICLE HISTORY
Received January 06, 2023
Accepted January 13, 2023
Published January 20, 2023

KEYWORDS
Magnetic Resonance Imaging
(MRI), MRI Sequences,
B₀ Field Distortion,
Magnetism, Image Artifacts,
Medical Imaging, Hardware
Engineering, Healthcare
Solutions, Diagnostic
Technology

Somashekharayya Hiremath

Senior Research and Development Engineer, Medical Devices, MRI, Diagnostic Technology, Healthcare, USA.

Introduction

Magnetic Resonance Imaging (MRI) is a pivotal imaging modality 
in modern healthcare, offering detailed visualization of soft tissues 
without using ionizing radiation. MRI technology is grounded in 
the principles of nuclear magnetic resonance (NMR), wherein 
hydrogen protons align with an external magnetic field and are 
subsequently disturbed by radiofrequency pulses [1]. As the 
protons relax back to their baseline state, they emit energy that 
is detected to form an image [2].

MRI contrast arises from multiple factors, including tissue 
properties, relaxation times, and specific imaging sequences [3,4].

This paper presents an in-depth exploration of MRI’s operational 
principles, commonly utilized scan sequences, and the role 
of magnetism in image formation. It also reviews MRI key 
hardware and system components while addressing engineering 
considerations for minimizing artifacts particularly B₀ field 
distortion. By scrutinizing these facets, healthcare professionals 
and engineers can enhance MRI system performance, improve 
diagnostic accuracy, and harness emerging solutions that capitalize 
on the unique capabilities of MRI.

Main Body

MRI images are susceptible to various distortions caused by 
the interaction of external magnetic materials with the static 
magnetic field (B₀) [5,6]. This interference can create image 
artifacts that obscure anatomical structures, leading to diagnostic 
errors. Robust MRI systems require understanding artifact causes 
alongside their mitigation strategies for development [7].

Improving MRI image quality and reducing artifacts requires a 
detailed examination of magnetic interactions, the impact of 
various materials on MRI imaging, and the imaging sequences 
used to optimize contrast and signal clarity [3,7]. By optimizing 
these elements, signal to noise ratio can be improved and the 
resolution of MRI images will be increased. With the better design 
of MRI systems, clinicians can optimize scanning protocols to 
produce images that are both clearer and more accurate [6]. 
With a thorough grasp of these elements, engineers can refine 
MRI system designs, and clinicians can adapt scanning protocols 
to achieve clearer, more accurate images [6].

MRI Technology

MRI leverages the principles of nuclear magnetic resonance, 
predominantly focusing on hydrogen nuclei (protons) within 
the body’s water and fat molecules [2]. A strong magnetic field 
aligns these protons, and a radiofrequency (RF) pulse momentarily 
disrupts that alignment. As the protons return to equilibrium, 
they emit RF signals captured by receiver coils and converted 
into images [3]. The rate of realignment varies according to tissue 
composition, yielding intrinsic contrast among different tissues 
[2,8].

Pulse Sequences

Pulse sequences are sets of carefully timed RF pulses and gradient 
manipulations that encode spatial and contrast information 
[3,4]. Common sequences include spin echo, gradient echo, and 
inversion recovery, each emphasizing different tissue parameters 
such as T1 relaxation, T2 relaxation, or proton density [4,9]. 
Advanced sequences—like diffusion-weighted imaging (DWI), 
fluid-attenuated inversion recovery (FLAIR), and perfusion-
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weighted imaging (PWI) help characterize pathology more 
effectively by highlighting tissue microstructure, fluid content, 
and hemodynamics [4].

Image Reconstruction

The raw signals detected from excited protons are stored in 
k-space, representing spatial frequencies of the imaged volume 
[2,3]. Fast Fourier transforms (FFTs) convert k-space data into 
the familiar anatomical image domain. Recent engineering 
breakthroughs such as parallel imaging (e.g., SENSE, GRAPPA) and 
compressed sensing have significantly reduced acquisition times 
while maintaining high spatial resolution [3,9]. These techniques 
rely on specialized coil arrays and iterative reconstruction 
algorithms to fill k-space more efficiently, facilitating rapid MRI 
scans without compromising image quality [4].

System Design

The primary engineering challenge in MRI design is controlling 
B₀ field distortion which magnetic field uniformity external 
paramagnetic or ferromagnetic materials disrupt [5,6]. The 
distortion leads to artefacts such as signal loss or black spots in the 
image, which can reduce diagnostic accuracy [7]. To mitigate these 
effects, engineering strategies include: Minimizing Conductive 
Materials: Reducing the use of paramagnetic or ferromagnetic 
materials in MRI compatible devices and accessories. Optimizing 
Hardware Placement: Putting metallic components in a location 
outside of the imaging field to stop them interfering. Calibration 
and Shielding: Using both active and passive shielding techniques 
to calibrate and maintain field homogeneity. MR Conditional 
Labeling: Verifying all medical implants and devices meet MR 
safety standards to limit distortion to the minimum. Combining 
these engineering and clinical considerations in MRI systems will 
produce better image fidelity and thus more accurate diagnoses 
[2,6].

Figure 1: MRI System

Source: www.extremetech.com

How MRI Works

MRI technology uses a strong magnetic field to align hydrogen 
protons in the body [2]. When a radiofrequency pulse is applied, 
these protons absorb energy and enter a higher energy state. 
When the pulse is turned off, they release this energy, which 
is detected by MRI sensors [3]. The time taken for protons to 
return to alignment and the amount of energy released are used 
to generate images with varying contrast [2,3].

General MRI Scan Types and Sequences

MRI sequences involve a specific set of radiofrequency pulses 
and magnetic field gradients that determine image appearance 
[3,4]. T1-weighted imaging (T1WI) produces images in which 
fat appears bright while fluid appears dark, offering excellent 
anatomical detail. In contrast, T2-weighted imaging (T2WI) 
emphasizes fluid-containing structures, making it particularly 
useful for detecting inflammation and edema [3]. Spin echo (SE) 
sequences incorporate both T1 and T2-weighted elements, first 
applying a T1 pulse followed by a T2 pulse to rephase the spinning 
protons, thereby enhancing overall image quality [8]. Finally, fast 
field echo (FFE) a gradient echo technique allows for rapid image 
acquisition; however, it is more prone to artifacts introduced by 
field inhomogeneity [5].

Types of Magnetism in MRI

The behavior of materials in an MRI scanner depends on their 
magnetic properties [6,7]:

• Diamagnetic Materials: Do not interact significantly with 
magnetic fields (e.g., copper, gold, silver, wood, plastic).

Figure 2: Diamagnetic Material

• Paramagnetic Materials: Weakly attracted to magnetic fields 
but do not retain magnetization (e.g., aluminum, magnesium, 
titanium).

Figure 3: Paramagnetic Material

• Ferromagnetic Materials: Strongly attracted to magnetic fields 
and can retain magnetization, posing risks in MRI environments 
(e.g., iron, nickel, cobalt).

Figure 4: Ferromagnetic Material

B₀ Field Distortion

B₀ field distortion arises when conductive materials lie within 
the scanner’s field of view, paramagnetic substances with high 
susceptibility (such as manganese and tungsten) are introduced, 
or ferromagnetic objects are present and consequently distort 
the magnetic field [5,6]. These distortions can lead to localized 
signal loss or image warping, which may interfere with diagnostic 
interpretation [7]. It is therefore important to avoid the use of 
paramagnetic and ferromagnetic materials in MRI compatible 
accessories, avoid placing metallic screws or implants within the 
scanning region as much as possible, and use MR conditional 
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labeling to ensure both safety and compatibility of the products 
[6].

System and Hardware Components

A typical MRI system consists of:

•	 Superconducting Magnet

•	 Gradient Coils

•	 Radiofrequency (RF) Coils

•	 High-Power Electronics and Cooling Units

•	 Computer Console for Data Processing

Superconducting Magnet Design

Modern clinical MRI systems often use superconducting magnets 
cooled by liquid helium, generating static magnetic fields of 1.5T 
or 3T [3]. The superconducting windings require robust cryostats 
to maintain extremely low temperatures (around 4 K), thus 
enabling zero electrical resistance and stable magnetic fields [2].

Active shielding technology confines the fringe field, reducing 
the need for extensive external shielding. Moreover, magnet 
homogeneity is crucial; non-uniformities in the magnetic field can 
degrade image quality. Shimming a process involving corrective 
coils or ferromagnetic elements helps maintain field uniformity 
[3].

Gradient Coil Systems

Gradient coils superimpose smaller, rapidly switching magnetic 
fields on the primary static field, localizing signals from specific 
slices or volumes [5]. High-performance gradient systems can 
exceed 45 mT/m in amplitude, with slew rates of 200 T/m/s or 
higher, facilitating fast imaging techniques like echo planar imaging 
(EPI) [3]. However, these high slew rates increase acoustic noise 
and induce eddy currents, necessitating sophisticated shielding 
and cooling to prevent overheating [5].

Radiofrequency Coils

RF coils serve dual roles in transmitting the excitation pulse and 
receiving the emitted signals from precessing spins [3]. Phased-
array coils, comprised of multiple independent coil elements, 
enhance sensitivity and enable parallel imaging [4]. Localized 
coils (e.g., dedicated head or knee coils) offer improved signal-
to-noise ratio (SNR) for targeted examinations, thereby increasing 
spatial resolution.

High-Power Electronics and Cooling

Generating and regulating the strong gradient fields and RF pulses 
requires high-power amplifiers and precise electronics [10]. These 
amplifiers switch gradients in microseconds, demanding robust 
thermal management systems. Power cables may incorporate 
water or oil cooling to manage the heat load from rapid gradient 
switching [3]. Additionally, RF amplifiers must deliver stable pulses 
at frequencies dependent on the scanner’s field strength.

Medical Applications

Neurology

MRI is indispensable in neuroimaging due to its sensitivity in 
detecting demyelinating lesions, tumors, and ischemic strokes [9]. 
Functional MRI (fMRI) employs blood-oxygen-level-dependent 
(BOLD) contrast to map neuronal activation, while diffusion tensor 
imaging (DTI) visualizes white matter tracts for surgical planning 
[2,3]. High-channel head coils and advanced shimming techniques 
which also improve resolution and decrease artifacts to boost 
diagnostic accuracy [1].

Cardiology

Cardiac MRI offers comprehensive evaluations of myocardial 
structure, perfusion, and function [11]. Late gadolinium 
enhancement (LGE) identifies fibrotic or scarred myocardium, 
aiding in diagnosing cardiomyopathies and ischemic conditions 
[11]. Parallel imaging and faster gradient systems have made 
real-time or near-real-time cardiac imaging possible, crucial for 
assessing valvular motion and wall thickening.

Oncology

MRI’s exceptional soft-tissue contrast is vital in oncological 
imaging, assisting with tumor detection, staging, and treatment 
monitoring [12]. Breast MRI, for instance, uses specialized coils 
and contrast agents to delineate lesions more effectively than 
mammography [12]. Diffusion-weighted imaging (DWI) monitors 
treatment response by detecting changes in tumor cellularity, 
and whole-body MRI enables widespread screening in metastatic 
disease [4].

Musculoskeletal Imaging

MRI is the gold standard for diagnosing ligament tears, cartilage 
injuries, and bone marrow pathologies [13]. High-resolution 
surface coils, tailored to specific joints (e.g., wrist, ankle), offer 
the spatial clarity necessary for surgical planning [2]. Techniques 
such as ultrashort echo time (UTE) facilitate visualization of 
tissues with very short T2 relaxation times, including ligaments 
and tendons [3].

Future Directions

Artificial Intelligence and Automation

Machine learning and deep learning are transforming MRI, from 
automated scan setup to intelligent image reconstruction [11]. 
Neural networks proficiently handle undersampled k-space data, 
reducing scan times and mitigating motion artifacts [2,9]. Such AI-
driven approaches optimize workflow efficiency while enhancing 
diagnostic reliability.

Portable and Low-Field MRI

Emerging engineering breakthroughs have enabled portable MRI 
scanners operating at lower field strengths (0.06T–1.0T) [6]. These 
systems utilize permanent magnets or compact superconductors, 
enabling deployment in remote or resource-constrained locations 
[14]. Although lower-field scanners yield reduced spatial 
resolution, innovative coil designs and reconstruction algorithms 
are bridging this performance gap.

MRI-Guided Interventions

The development of MRI compatible robotics has enabled real 
time image guidance during procedures such as biopsies tumor 
ablations and focused ultrasound treatments [10]. This synergy 
provides sub millimeter precision and no ionizing radiation 
in order to steer a minimal invasive shift. Truly real time MRI 
guided interventions are likely to become a reality with greater 
advancements in gradient hardware as well as coil arrays [3,14-
17].

Conclusion

Understanding MRI principles including scan sequences, 
magnetism types, and field-distortion mechanisms is essential for 
optimizing image quality and diagnostic accuracy. By addressing 
B₀ field distortion through strategic engineering design and 
proper material selection, imaging outcomes can be significantly 
improved. Using these fundamentals together with advanced 
magnet technology gradient coil engineering and sophisticated 
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signal processing methods MRI soft tissue contrast and functional 
imaging capabilities have transformed diagnostic medicine. 
In neurology, cardiology, and oncology, MRI offers essential 
information that directs therapeutic choices and improves patient 
outcomes. AI reconstruction methods together with portable MRI 
systems and interventional applications show the direction of 
future MRI development as a new revolutionary era. As hardware 
and software engineering progresses, personalized medicine 
together with real time therapeutic interventions will continue to 
grow and solidify MRI's position as a critical healthcare solution.
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