
 

 

   https:// modernedu-dv.org/index.php/luch/         Часть-77 Том-2_Сентябрь-2026 10 

MAGNETIC RESONANCE IMAGING: BIOPHYSICAL PRINCIPLES 

AND DIAGNOSTIC SIGNIFICANCE 

 

O’rolboyeva Ozodaxon Jamoliddin qizi 

Turayeva Asila Islom qizi 

Toshkent davlat tibbiyot universiteti, O’zbekiston 

 

Abstract 

Magnetic resonance imaging (MRI) is a non-invasive diagnostic imaging 

technique based on the physical properties of atomic nuclei exposed to a strong 

magnetic field and radiofrequency electromagnetic radiation. The method primarily 

exploits the magnetic properties of hydrogen nuclei, which are abundant in 

biological tissues because of their high water and lipid content. When placed within 

a static magnetic field, hydrogen nuclei undergo alignment and precession, while 

radiofrequency pulses alter their magnetic state. The subsequent relaxation of these 

nuclei generates measurable signals that are spatially encoded and mathematically 

reconstructed into cross-sectional images. The contrast observed in MRI depends 

mainly on tissue-specific relaxation characteristics, particularly longitudinal (T1) 

and transverse (T2) relaxation, as well as proton density and the parameters of the 

applied pulse sequence. Unlike X-ray-based imaging techniques, conventional MRI 

does not use ionizing radiation, which contributes to its extensive application in 

neurological, musculoskeletal, cardiovascular, abdominal, and oncological imaging. 

Recent developments, including low-field MRI, ultrahigh-field systems, quantitative 

MRI, magnetic resonance fingerprinting, and artificial intelligence-assisted image 

processing, have expanded the diagnostic potential of the technique. Understanding 

the biophysical mechanisms underlying MRI is essential for interpreting image 

formation, optimizing diagnostic quality, and maintaining patient safety. This article 
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reviews the fundamental physical and biological principles of MRI and discusses 

their significance in modern medical diagnosis. 
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Introduction 

Magnetic resonance imaging (MRI) is one of the major non-invasive imaging 

techniques used in contemporary medicine. Its diagnostic value is closely associated 

with its ability to provide high soft-tissue contrast and to visualize anatomical 

structures in multiple planes without the use of ionizing radiation. MRI is based on 

the principles of nuclear magnetic resonance (NMR), in which the magnetic 

properties of atomic nuclei are manipulated by an external magnetic field and 

radiofrequency electromagnetic energy. In clinical MRI, hydrogen nuclei are the 

primary source of the detected signal because hydrogen is highly abundant in the 

human body, particularly in water and lipids. 

The formation of an MR image begins when a patient is placed inside a strong 

static magnetic field. Hydrogen nuclei possess intrinsic angular momentum, or spin, 

and an associated magnetic moment. In the external magnetic field, these magnetic 

moments become preferentially oriented relative to the field and undergo 

precessional motion. The precessional frequency is determined by the strength of 

the applied magnetic field and is described by the Larmor relationship. A 

radiofrequency pulse applied at the appropriate frequency transfers energy to the 

nuclear spin system and changes its magnetization. After the radiofrequency 

excitation is terminated, the nuclei return toward their equilibrium state through 

relaxation processes, producing electromagnetic signals that can be detected by 

receiver coils. 
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Two fundamental relaxation mechanisms, T1 and T2 relaxation, play a central 

role in MRI signal formation and tissue contrast. T1 relaxation represents the 

recovery of longitudinal magnetization toward equilibrium, whereas T2 relaxation 

describes the loss of phase coherence and the decay of transverse magnetization. 

Biological tissues have different T1 and T2 relaxation characteristics because of 

differences in their molecular environment and composition. 

The physical characteristics of the main magnetic field also influence image 

quality and diagnostic performance. Conventional clinical MRI systems commonly 

operate at field strengths such as 1.5 T and 3 T, while ultrahigh-field systems 

operating at 7 T or higher can provide increased signal-to-noise and contrast-to-noise 

ratios. However, increasing magnetic field strength also introduces technical and 

safety challenges, including greater radiofrequency energy deposition and increased 

sensitivity to magnetic-field inhomogeneities. Low-field MRI has also attracted 

renewed interest because technological advances have created opportunities for 

more accessible imaging systems and new clinical applications. 

Therefore, understanding the biophysical principles of MRI is essential for 

medical students and healthcare professionals because the quality and interpretation 

of MR images depend directly on interactions between magnetic fields, 

radiofrequency energy, nuclear spins, tissue composition, and relaxation processes. 

A clear understanding of these mechanisms provides the physical basis for 

explaining MRI signal formation, tissue contrast, technological developments, 

diagnostic applications, and safety considerations. 

Objective 

The objective of this article is to analyze the fundamental biophysical principles 

underlying magnetic resonance imaging and to explain the mechanisms responsible 

for MR signal generation and image formation. Particular attention is given to the 

magnetic behavior of hydrogen nuclei in an external magnetic field, Larmor 

precession, radiofrequency excitation, longitudinal and transverse relaxation, and 
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the role of magnetic field gradients in spatial encoding. The article also aims to 

examine how differences in tissue composition and relaxation properties contribute 

to image contrast and determine the diagnostic information obtained from MRI. In 

addition, the study considers the relationship between magnetic field strength, image 

quality, quantitative tissue characterization, and the development of modern MRI 

technologies. A further objective is to emphasize the importance of understanding 

MRI biophysics for the appropriate interpretation of magnetic resonance images and 

for the safe application of MRI in clinical practice. 

Materials and Methods 

This study was conducted as a structured scientific literature review of the 

biophysical principles, physical mechanisms, technological characteristics, and 

medical applications of magnetic resonance imaging (MRI). The methodological 

approach was designed to integrate fundamental concepts of nuclear magnetic 

resonance with contemporary developments in clinical MRI. Scientific literature 

concerning MRI physics, tissue relaxation, signal formation, spatial encoding, image 

contrast, magnetic field strength, quantitative MRI, and advanced imaging 

techniques was reviewed and systematically analyzed. 

The primary materials consisted of peer-reviewed scientific articles, systematic 

reviews, methodological studies, biomedical research papers, and authoritative 

scientific publications related to MRI and its underlying biophysical mechanisms. 

Literature published predominantly between 2020 and 2026 was prioritized to 

ensure that the review reflected current developments in MRI technology and 

modern diagnostic practice. Earlier publications were included when they provided 

essential descriptions of established physical principles that remain fundamental to 

contemporary MRI. 

The literature search focused on several major scientific concepts. These 

included the magnetic properties of atomic nuclei, nuclear spin, magnetic moment, 
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alignment of hydrogen nuclei in an external magnetic field, Larmor precession, 

radiofrequency excitation, longitudinal and transverse magnetization, T1 and T2 

relaxation, free induction decay, spin-spin interactions, magnetic field gradients, 

spatial encoding, k-space, signal detection, and image reconstruction. Particular 

attention was given to the physical mechanisms that determine MRI signal intensity 

and tissue contrast. 

The reviewed literature was also analyzed according to the composition and 

physical characteristics of biological tissues. The role of water and lipid content was 

considered because hydrogen nuclei contained in these molecules constitute the 

principal source of the clinical MR signal. Differences in the molecular environment 

of hydrogen nuclei were examined in relation to variations in T1 and T2 relaxation 

times. These differences form the physical basis for distinguishing tissues on T1-

weighted, T2-weighted, proton-density-weighted, diffusion-weighted, and other 

MRI sequences. 

The physical process of MRI signal generation was analyzed as a sequence of 

interconnected stages. First, the behavior of hydrogen nuclei in the static magnetic 

field was considered. Second, the interaction between the nuclear spins and an 

applied radiofrequency pulse was examined. Third, the return of the nuclear spin 

system toward equilibrium through longitudinal and transverse relaxation was 

analyzed. Finally, the detection of the resulting electromagnetic signal and its 

conversion into spatially resolved anatomical information were considered. This 

sequential approach was used to establish a direct relationship between fundamental 

physical phenomena and the formation of clinical MR images. 

The role of the static magnetic field was evaluated by comparing the physical 

characteristics associated with commonly used clinical field strengths, particularly 

1.5 T and 3 T, as well as the emerging applications of low-field and ultrahigh-field 

MRI. The analysis considered how magnetic field strength influences signal-to-
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noise ratio, contrast-to-noise ratio, spatial resolution, susceptibility effects, 

radiofrequency energy deposition, and potential technical limitations. The 

advantages and limitations associated with different field strengths were considered 

from both physical and clinical perspectives. 

Magnetic field gradients were examined as an essential component of spatial 

encoding. Their role in slice selection, frequency encoding, and phase encoding was 

analyzed because these mechanisms allow the MRI system to determine the spatial 

origin of detected signals.The literature concerning k-space was also reviewed to 

explain how frequency and phase information are organized during data acquisition 

and subsequently transformed into anatomical images using mathematical 

reconstruction techniques, principally the Fourier transform. 

MRI pulse sequences were considered in relation to their ability to manipulate 

tissue contrast. The reviewed evidence was used to analyze how repetition time 

(TR), echo time (TE), flip angle, inversion time, and other sequence parameters 

influence signal intensity and tissue weighting. Particular attention was given to the 

relationship between these parameters and T1- or T2-dependent contrast. This 

analysis was used to explain why modification of acquisition parameters can 

substantially alter the visual appearance and diagnostic information of the same 

anatomical structure. 

The methodology also included analysis of advanced MRI techniques. 

Quantitative MRI was examined as an approach that extends conventional 

qualitative image interpretation by measuring tissue-specific physical parameters. 

Magnetic resonance fingerprinting was specifically considered because it uses 

variable acquisition patterns and computational matching to estimate quantitative 

tissue properties such as T1 and T2 relaxation parameters. Diffusion-weighted 

imaging and diffusion tensor imaging were also considered in relation to the 

movement of water molecules and the characterization of tissue microstructure. 
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The reviewed literature further included studies concerning the application of 

MRI in neurological, musculoskeletal, cardiovascular, abdominal, and oncological 

imaging. These applications were analyzed according to the specific biophysical 

properties that provide diagnostic contrast. For example, differences in water content 

and relaxation behavior contribute to soft-tissue contrast, while diffusion-sensitive 

techniques provide information about microscopic water movement. Susceptibility-

sensitive methods can provide additional information related to local magnetic-field 

variations and the presence of substances with different magnetic properties. 

MRI safety-related literature was also reviewed. Particular attention was given 

to the interaction of strong static magnetic fields and radiofrequency electromagnetic 

fields with the human body and with metallic or electronically active objects. The 

analysis included the major physical safety considerations associated with MRI, 

including projectile hazards, radiofrequency-induced heating, gradient-related 

stimulation, acoustic noise, and the need to evaluate implanted medical devices 

before examination. These factors were considered as integral components of the 

physical and clinical application of MRI. 

For the analysis, information from the selected literature was grouped into five 

principal categories: (1) fundamental nuclear magnetic resonance and magnetic 

properties of hydrogen nuclei; (2) mechanisms of excitation, relaxation, and MR 

signal generation; (3) spatial encoding, image reconstruction, and tissue contrast; (4) 

quantitative and advanced MRI technologies; and (5) clinical applications and safety 

considerations. Information within each category was compared to identify 

consistent physical principles and recent technological developments. 

The final synthesis was based on comparison of established biophysical 

mechanisms with findings reported in recent MRI research. Particular emphasis was 

placed on relationships between physical parameters and clinically observable 

imaging characteristics. The resulting information was organized from basic 
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physical principles toward advanced technological applications in order to provide 

a coherent description of MRI as a biophysical diagnostic method. 

Because this work represents a literature-based scientific review rather than a 

prospective clinical experiment, no human participants were directly recruited and 

no biological samples were collected. Consequently, the study did not involve direct 

intervention, experimental treatment, or independent acquisition of patient data.The 

methodological conclusions were derived exclusively from the analysis and 

synthesis of previously published scientific evidence. 

Conclusion 

Magnetic resonance imaging is a highly sophisticated diagnostic technique 

based on well-defined biophysical interactions between nuclear spins, magnetic 

fields, radiofrequency energy, and biological tissues. The abundance of hydrogen 

nuclei in the human body makes them the principal source of the MR signal. Their 

behavior in a static magnetic field, excitation by radiofrequency pulses, subsequent 

relaxation, and detection of the emitted signal form the fundamental physical basis 

of MRI. T1 and T2 relaxation properties, together with proton density, magnetic 

susceptibility, diffusion, and other tissue-specific characteristics, determine the 

contrast and diagnostic information obtained from MR images. 

Advances in MRI have progressively expanded its role from qualitative 

anatomical imaging toward quantitative assessment of tissue properties. Modern 

approaches such as magnetic resonance fingerprinting can provide quantitative maps 

of multiple tissue characteristics within a single acquisition, creating opportunities 

for more objective tissue characterization and disease assessment.  

A clear understanding of MRI biophysics is therefore essential for interpreting 

image contrast, optimizing imaging protocols, understanding technological 

developments, and applying the method safely in clinical medicine. Continued 
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advances in quantitative imaging, accelerated acquisition, and computational image 

reconstruction are expected to further expand the diagnostic capabilities of MRI. 
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