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15.1. INTRODUCTION 
 

Magnetic Resonance Imaging (MRI) is a sophisticated, non-invasive diagnostic modality that utilizes the 

principles of nuclear magnetic resonance (NMR) to produce highly detailed anatomical and functional images of 

the human body. Its primary strength lies in its superior soft tissue contrast, which surpasses that of conventional 

imaging modalities such as computed tomography (CT) or radiography. Importantly, MRI achieves this diagnostic 

clarity without the use of ionizing radiation, thereby offering a safer alternative for repeated imaging, particularly 

in vulnerable populations such as paediatric or pregnant patients. However, this benefit does not imply that MRI 

is inherently without risk. The technology operates through the synergistic action of three major types of 

electromagnetic fields: the static magnetic field (B₀), time-varying gradient magnetic fields, and radiofrequency 

(RF) fields. Each of these fields plays a critical role in the process of image acquisition—aligning nuclear spins, 

spatially encoding signals, and exciting hydrogen nuclei to generate measurable signal responses.  

 
Fig:15.1. Basic outlook of MRI Equipment 

 

Despite their clinical utility, these fields interact in complex and sometimes hazardous ways with human tissues, 

biomedical implants, and nearby electronic or ferromagnetic equipment. The static magnetic field, typically 

ranging from 0.2 to 7.0 Tesla in clinical practice, is continuously active and capable of exerting strong attractive 
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forces on ferromagnetic materials, leading to potentially dangerous projectile incidents. Implanted devices such 

as pacemakers or aneurysm clips can experience displacement, torque, or malfunction due to interactions with 

this field. Similarly, rapidly switching gradient fields can induce peripheral nerve stimulation (PNS), generate 

high acoustic noise levels, and produce eddy currents, while the RF field contributes to tissue heating through 

energy absorption, measured as Specific Absorption Rate (SAR), and can cause burns in the presence of 

conductive loops or accessories [1]. Furthermore, the MRI environment must also be carefully controlled to ensure 

safety for personnel and to prevent environmental interference with the imaging system. The American College 

of Radiology (ACR) has defined a zone-based access control system (Zones I–IV) to regulate personnel movement 

and maintain strict operational boundaries. These considerations underline the necessity for rigorous MRI safety 

protocols, including pre-screening procedures, staff training, hazard mitigation, and emergency preparedness, 

particularly in high-field imaging environments (e.g., 3T and 7T scanners) where risks are amplified. In light of 

these complexities, a thorough understanding of the components of MRI safety is essential for all professionals 

involved in magnetic resonance imaging, including radiologists, MRI technologists, physicists, engineers, nurses, 

and safety officers. This chapter provides an in-depth analysis of the physical characteristics, functional roles, 

biological interactions, and safety implications associated with each of the three major electromagnetic fields in 

MRI. It also examines the engineering controls and procedural safeguards necessary to ensure the safety of 

patients, staff, and equipment within the MRI suite. By exploring these elements in detail, this chapter aims to 

provide a scientific foundation for evidence-based safety practices in both clinical and research MRI settings [2]. 

 

15.2. COMPONENTS OF MRI SAFETY 

 

Static Magnetic Field (B₀): The static magnetic field, symbolized as B₀, constitutes the foundational component 

of magnetic resonance imaging (MRI). It is a continuous, homogeneous magnetic field that is always present and 

unmodulated during the operation of the MRI system. This field is generated by superconducting electromagnets, 

which rely on cryogenic cooling systems, typically using liquid helium, to achieve and maintain the 

superconducting state—a condition in which electrical resistance drops to nearly zero, allowing for the persistent 

circulation of electrical current and thereby sustaining a stable magnetic field. B₀ aligns the magnetic moments 

(spins) of hydrogen nuclei (protons) within the human body along its axis, creating a net longitudinal 

magnetization. This alignment is the prerequisite for generating MRI signals when the tissue is later exposed to 

radiofrequency (RF) pulses. The strength of B₀ is expressed in Tesla (T), with typical clinical systems operating 

at 1.5T and 3.0T, though low-field (0.2T–1.0T) and ultra-high-field systems (7.0T and above) are also used. High-

field and ultra-high-field MRI systems offer significantly enhanced signal-to-noise ratio (SNR), improved spatial 

resolution, and increased sensitivity for advanced applications such as functional MRI (fMRI), diffusion imaging, 

and high-resolution neuroimaging. However, these benefits come with proportionally increased safety challenges. 

Notably, the B₀ field is perpetually active, necessitating continuous enforcement of safety protocols within the 

controlled MRI environment, regardless of whether the scanner is actively acquiring images. 

 

 
Fig: 15.2. Demonstrating the Direction of Magnetic Field 

 

Ferromagnetic Projectile Hazards: One of the most acute safety risks associated with the static magnetic field 

is the projectile effect, often termed the "missile effect." This phenomenon occurs when ferromagnetic objects—

composed of materials such as iron, cobalt, or nickel—are drawn into the bore of the magnet by the strong static 
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magnetic field. These objects experience powerful translational forces and can be propelled at extremely high 

velocities, depending on their mass, shape, and distance from the magnetic isocenter. The force (F) acting on a 

ferromagnetic object is proportional to the field gradient (∂B/∂x) and the magnetic susceptibility of the material. 

This makes the entrance to the bore particularly hazardous, where fringe fields and gradients are strongest. 

Common ferromagnetic items—such as oxygen tanks, IV stands, stretchers, tools, and even personal items like 

keys, scissors, or mobile phones—can become dangerous projectiles, with the potential to cause catastrophic 

injury, fatalities, or damage to the MRI system. To prevent such incidents, rigorous pre-screening procedures, the 

use of ferromagnetic detection systems, and strict control of personnel and equipment access to Zone IV (the 

magnet room) are mandated. All portable devices and accessories must be evaluated and clearly labeled as MR 

Safe, MR Conditional, or MR Unsafe, as per ASTM International standards [3]. 

 

Effects on Medical Implants and Devices: A significant and complex challenge posed by B₀ is its interaction 

with implanted medical devices and prosthetic components, which may contain metallic or ferromagnetic 

elements. The static field can exert translational forces (movement along the magnetic field lines) and torques 

(rotational forces) on such implants, posing serious risks to patient safety. Devices such as intracranial aneurysm 

clips, cardiac pacemakers, implantable cardioverter defibrillators (ICDs), cochlear implants, neurostimulators, 

and spinal cord stimulators may shift position, malfunction, or heat up when exposed to strong magnetic fields. 

In extreme cases, the mechanical forces can lead to tissue damage, hemorrhage, or even death. Moreover, even 

non-ferromagnetic or weakly magnetic materials can interact with the field through magnetic susceptibility 

effects, resulting in local field distortions. These distortions produce image artifacts, such as signal voids or 

geometric distortion, which may obscure diagnostic detail, particularly in regions near metallic implants. To 

mitigate these risks, thorough patient screening is essential, including a detailed implant history, verification of 

device specifications, and adherence to the manufacturer’s MRI conditional guidelines, which typically outline 

allowable field strength, spatial gradient exposure, SAR limits, and positioning instructions. In some cases, 

alternative imaging modalities may be recommended when MRI poses unacceptable risks. 

 

Environmental Considerations and Fringe Fields: The influence of the static magnetic field extends well 

beyond the physical confines of the MRI bore due to the existence of fringe fields—the peripheral magnetic fields 

that radiate outward from the scanner, particularly along the longitudinal (z) axis. These fringe fields can extend 

several meters and pose a threat to electronic devices, credit cards, digital watches, and data storage media, which 

may be erased, damaged, or rendered inoperative when brought into close proximity. To control this, MRI systems 

incorporate active and passive magnetic shielding techniques. Active shielding involves the use of secondary 

superconducting coils wound in opposition to the primary coils, thereby canceling out the field beyond the bore. 

Passive shielding, on the other hand, uses ferromagnetic materials, such as steel plates embedded in the walls or 

floor of the MRI room, to absorb and redirect magnetic field lines. However, no shielding method can completely 

eliminate fringe fields [4]. 

 

15.3. TIME-VARYING GRADIENT MAGNETIC FIELDS 

 

Function in Spatial Encoding: Gradient magnetic fields are essential components of the MRI system, responsible 

for imparting spatial localization to the MR signal. These are time-varying, low-frequency magnetic fields 

superimposed over the static magnetic field (B₀) and are produced by gradient coils positioned along the three 

orthogonal axes—X (left-right), Y (anterior-posterior), and Z (head-foot). Each coil generates a linear variation 

in magnetic field strength across its respective axis. This gradient in the magnetic field causes the Larmor 

frequency of the hydrogen protons to differ based on their spatial location, thus allowing for the spatial encoding 

of the MR signal. Spatial encoding is achieved through three fundamental processes: slice selection, frequency 

encoding, and phase encoding. Slice selection involves the application of a gradient field in one axis (typically 

Z), in combination with an RF pulse, to excite a specific tissue slice. Frequency encoding, often applied during 

signal readout, varies the Larmor frequency along one axis (typically X), enabling spatial differentiation of signals 

along that direction. Phase encoding applies a temporary gradient along a third axis (typically Y) to induce a phase 

shift in the precessing spins, distinguishing signal origin along the perpendicular axis. Together, these gradient 

manipulations enable the reconstruction of 2D and 3D images. Furthermore, their rapid modulation is critical in 
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advanced imaging sequences such as Echo Planar Imaging (EPI) and functional MRI (fMRI), which demand fast 

data acquisition to capture dynamic physiological or neuronal processes. However, the operational precision of 

gradient fields necessitates complex electronic control systems and rigorous calibration to ensure fidelity in image 

reconstruction and patient safety [5]. 

 

Peripheral Nerve Stimulation (PNS): A significant biological effect of rapidly switching gradient magnetic 

fields is Peripheral Nerve Stimulation (PNS). PNS occurs due to the electromagnetic induction of electric fields 

within the conductive tissues of the human body. When a gradient field is turned on or off rapidly, it induces 

circular electric currents in tissues, particularly in areas with high conductivity and larger cross-sectional area. 

These currents can depolarize nerve membranes, leading to involuntary neuromuscular responses. Clinically, PNS 

may manifest as sensations ranging from mild tingling or a buzzing feeling to muscle twitching or contractions, 

depending on the strength and rate of change of the gradient fields. Although these responses are typically 

harmless and cease when the gradients stop, they can be uncomfortable or alarming for patients, especially during 

high-speed imaging protocols. The likelihood and severity of PNS are strongly influenced by both the gradient 

amplitude and slew rate—the rate at which the gradient strength changes over time (measured in T/m/s). To protect 

patients, manufacturers must design MRI systems within international safety thresholds, specifically those 

outlined in the IEC 60601-2-33 standard, which sets guidelines for the safe exposure limits of gradient fields. 

These guidelines aim to minimize the risk of PNS while still permitting high-resolution and high-speed imaging. 

Patient-specific factors such as body size, hydration status, and the presence of conductive implants can also 

influence susceptibility to PNS, necessitating individualized precautions in certain clinical settings 

 

Induced Currents and Thermal Effects: Another potential hazard associated with gradient magnetic fields is 

the induction of unwanted electrical currents in conductive materials, which can lead to thermal effects. These 

eddy currents may form within patient tissues, especially those with high conductivity such as blood, or in external 

conductive structures such as ECG leads, pulse oximeter cables, or metallic implants. The gradient switching 

causes time-varying magnetic flux, which, according to Faraday’s Law of Electromagnetic Induction, generates 

circular electric currents. These currents, if concentrated, can result in localized tissue heating. In clinical practice, 

such heating may go unnoticed internally but can sometimes cause thermal injuries or burns at the skin surface, 

especially where cables touch the skin or form loops. Regions with high impedance—such as skin-electrode 

interfaces—are particularly vulnerable. The danger is further exacerbated when cables are improperly positioned, 

coiled, or come into direct contact with the patient’s body or the bore of the magnet. To prevent such 

complications, MR-safe and MR-conditional equipment should be used, and all patient monitoring devices must 

be arranged carefully. Cables must be laid in straight lines, insulated, and kept from forming closed loops. 

Additionally, implants and prosthetics should be verified for MR compatibility before scanning. Manufacturers 

have developed specialized MR-compatible devices and accessories designed to minimize the risk of induction 

and associated heating. Understanding and managing these thermal risks is vital to maintaining patient safety 

during MRI examinations, particularly in high-performance imaging protocols [6]. 

 

Acoustic Noise Hazards: One of the most immediate and perceptible biological effects during MRI scanning is 

acoustic noise, resulting from the mechanical vibration of gradient coils. When electrical currents rapidly pass 

through the gradient coils within the static magnetic field, Lorentz forces are generated. These forces cause the 

coils to physically vibrate at high frequencies, producing loud, repetitive knocking or banging sounds within the 

scanner bore. Noise levels in modern MRI systems can reach or exceed 110 decibels (dB), particularly in 

sequences with rapid gradient switching such as EPI, diffusion-weighted imaging (DWI), and fMRI. Prolonged 

exposure to such high-intensity sound levels may cause temporary or even permanent hearing loss, necessitating 

effective hearing protection for both patients and staff. The acoustic intensity and frequency of the noise are 

closely related to the type of imaging sequence and the gradient performance of the scanner. To mitigate the risk 

of auditory damage, all MRI facilities are required to provide patients with hearing protection in the form of foam 

earplugs, earmuffs, or noise-cancelling headphones. For pediatric or vulnerable patients, sedation may also be 

administered alongside physical hearing protection to ensure comfort and compliance. Moreover, newer MRI 

systems are increasingly being equipped with acoustic insulation materials, gradient dampening designs, and quiet 

scanning technologies, such as Siemens' “Quiet Suite” or GE’s “Silent Scan.” Advanced noise reduction strategies 
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include software-based pulse sequence modifications, vibration-resistant gradient coil design, and the 

incorporation of active noise control (ANC) technologies that generate counter-phase sound waves to cancel 

scanner noise. These measures collectively contribute to a safer and more tolerable imaging experience, reducing 

patient anxiety and enhancing compliance, particularly in pediatric and geriatric populations [7]. 

 

15.4. RADIOFREQUENCY (RF) FIELDS 

 

Radiofrequency (RF) fields are fundamental to the process of image acquisition in Magnetic Resonance Imaging 

(MRI). These fields are responsible for exciting hydrogen protons in the body, enabling the generation of the MRI 

signal. During an MRI examination, the RF field is applied as a short pulse of electromagnetic energy precisely 

tuned to the Larmor frequency of the target nuclei—most commonly hydrogen (^1H)—which is dependent on the 

strength of the main magnetic field (B₀). For example, at 1.5 Tesla, the Larmor frequency is approximately 63.86 

MHz, and at 3 Tesla, it is roughly 127.72 MHz. The RF pulse temporarily perturbs the alignment of hydrogen 

protons, tipping the net magnetization vector from the longitudinal (parallel to B₀) direction into the transverse 

plane. This action induces precession of protons at the Larmor frequency, creating a time-varying transverse 

magnetization. Once the RF pulse is turned off, the protons undergo relaxation processes—T1 (longitudinal) 

relaxation and T2 (transverse) decay—to return to their equilibrium state. The energy emitted during this return 

is detected by receiver coils and is ultimately used to construct an MR image. The transmission of RF pulses is 

typically achieved through the use of a body coil (integrated into the bore of the scanner) or surface coils placed 

close to the anatomy of interest. These coils also function as receivers for the emitted signal. The RF frequency 

range used in MRI typically falls within 10 MHz to 300 MHz, depending on the magnetic field strength of the 

scanner. Due to the oscillatory nature of RF fields and their penetration characteristics, their biological interactions 

and safety implications must be carefully considered during clinical imaging. 

 

Specific Absorption Rate (SAR) and Thermal Load: One of the most critical safety concerns associated with 

RF energy in MRI is its potential to cause tissue heating. This is quantified by the Specific Absorption Rate (SAR), 

which represents the rate at which RF energy is absorbed by the body during imaging and is measured in watts 

per kilogram (W/kg). SAR is influenced by several factors, including the type and duration of RF pulse sequences, 

the patient's body composition, the geometry and proximity of the RF coils, and the scanning mode (e.g., single-

slice or volume imaging). High SAR levels result in thermal deposition within tissues, which can lead to localized 

heating and potential thermal stress. This is especially concerning in thermally sensitive tissues such as the eyes, 

testes, and brain, or in body regions with low perfusion and poor heat dissipation. To mitigate this risk, regulatory 

bodies such as the International Electrotechnical Commission (IEC) and the U.S. Food and Drug Administration 

(FDA) have established maximum allowable SAR values. For example, the IEC 60601-2-33 standard defines a 

whole-body average SAR limit of 2 W/kg for normal operating mode and up to 4 W/kg for first-level controlled 

operating conditions. Modern MRI systems are equipped with real-time SAR monitoring and prediction software 

that dynamically adjusts imaging parameters to ensure patient exposure remains within regulatory limits. MRI 

technologists must be trained to recognize patient-specific risk factors such as obesity, the presence of implants, 

or reduced thermoregulatory function, and they must make appropriate adjustments to scan protocols, including 

reducing flip angles, increasing repetition times (TR), or shortening scan durations, to maintain safety. 

 

RF-Induced Burns and Conductive Loop Effects: Another significant biological hazard associated with RF 

fields is the risk of thermal injury or burns, especially when conductive materials are present on or near the 

patient's body. RF burns typically result from localized heating due to concentrated energy deposition at points of 

contact between the skin and conductive elements, such as ECG electrodes, pulse oximeter sensors, leads, cables, 

or even metallic tattoos and piercings. These burns often occur in skin-fold regions, where contact between 

adjacent skin surfaces can create a conductive loop, or where improperly positioned leads allow for current 

concentration. A critical phenomenon underlying this hazard is the antenna effect, where conductive wires or 

cables of a certain length resonate with the RF wavelength, creating standing waves that lead to localized heating. 

This is especially concerning in high-field MRI systems (e.g., 3T and above), where shorter RF wavelengths 

increase the likelihood of resonance in standard-length medical wires. Preventive strategies to mitigate RF burns 

include: 
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 Using MR-compatible and non-metallic monitoring devices. 

 Applying non-conductive padding between skin surfaces and between the skin and coils or cables. 

 Ensuring proper lead placement, with wires routed parallel to the scanner bore axis and not forming loops 

or coming into contact with the skin. 

 Avoiding skin-to-skin contact by placing towels or insulating pads in areas such as underarms, groin, or 

between fingers. 

 Removing metallic accessories such as transdermal patches, metallic eye makeup, or jewelry. 

 

Furthermore, the RF shielding of the MRI suite—achieved through a Faraday cage—is crucial to prevent 

electromagnetic interference (EMI) from external sources and to contain RF emissions within the scan room. This 

not only protects the integrity of image acquisition but also ensures compliance with RF safety standards and 

prevents interference with nearby sensitive medical equipment [8]. 

 

15.5. BIOLOGICAL EFFECTS OF MRI FIELDS 

 
Magnetic Resonance Imaging (MRI) is a non-invasive imaging modality that employs non-ionizing 

electromagnetic fields to produce detailed anatomical and functional images. Unlike modalities such as X-ray or 

CT, MRI does not use ionizing radiation, which greatly reduces the risk of DNA damage and associated 

carcinogenesis. However, MRI involves exposure to complex electromagnetic fields that interact with biological 

tissues in diverse ways. These include the static magnetic field (B₀), time-varying gradient magnetic fields, and 

radiofrequency (RF) electromagnetic fields. Each of these fields can provoke distinct physiological and potentially 

adverse biological responses in patients and MRI personnel. An in-depth understanding of these interactions is 

critical to developing comprehensive safety standards and optimizing MRI protocols, especially as the use of 

higher magnetic field strengths (≥3 Tesla) becomes more widespread [9]. 

 

15.5.1. Static Magnetic Fields (B₀) 

 

The static magnetic field, denoted as B₀, is a constant, homogeneous magnetic field produced by the primary 

magnet in an MRI scanner. This field is fundamental to MRI operation as it aligns the magnetic moments of 

hydrogen nuclei (protons) in the body, thereby establishing a net magnetization along the direction of the field. 

This alignment forms the basis for resonance and signal generation when radiofrequency (RF) pulses are applied. 

Clinically, MRI scanners typically operate at field strengths ranging from 0.2 to 3 Tesla (T); however, research 

and specialized imaging systems can achieve ultra-high magnetic field strengths of 7T and, in some advanced 

cases, up to 10.5T. 

 

Physiological Effects of Static Magnetic Fields: Exposure to strong static magnetic fields can lead to various 

transient physiological sensations, especially when patients or personnel move within or around the magnetic 

field. One of the most documented effects is the stimulation of the vestibular system, located in the inner ear. The 

vestibular apparatus, which detects head movements and maintains balance, operates via fluid (endolymph) 

dynamics in the semicircular canals. When an individual moves through a strong static magnetic field, Lorentz 

forces act on ionic currents in the endolymph, potentially leading to disorientation, vertigo, dizziness, or an 

unusual sense of imbalance. These sensations are typically short-lived but may be alarming, particularly during 

rapid head movement while entering or exiting the scanner bore. Another reported side effect, especially at higher 

field strengths such as ≥3T, is nausea or motion sickness. This condition likely stems from a sensory mismatch—

where conflicting information is received from the vestibular, visual, and proprioceptive systems. Although 

symptoms usually subside quickly, they may reduce the comfort and tolerability of longer scan sessions for some 

patients. In some cases, patients or staff may experience magnetophosphenes, which are brief, flickering light 

sensations in the visual field. These are not caused by actual visual stimuli but are thought to arise from induced 

electric currents within the retina or optic nerve during motion through magnetic field gradients. Though harmless, 

these effects are more commonly observed by MRI personnel who move rapidly near the magnet. Additionally, 

some individuals report a metallic taste or mild facial tingling while inside the MRI environment. These transient 

sensory effects may result from magnetohydrodynamic forces acting on taste receptors or superficial sensory 
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nerves. While generally benign and self-limiting, such sensations can contribute to anxiety in first-time patients 
[10]. 

 

Biological Safety and Long-Term Exposure Considerations: From a biological safety standpoint, there is no 

conclusive evidence that static magnetic fields up to 8T pose genotoxic or carcinogenic risks. Multiple studies 

involving in vitro cell cultures and animal models have not shown any significant increase in DNA damage or 

cancer risk due to static magnetic exposure. Likewise, limited epidemiological data from MRI technologists and 

researchers do not indicate an increased health hazard; however, due to the paucity of long-term human studies—

especially concerning ultra-high-field systems (≥7T)—continued surveillance and cautious interpretation remain 

important. Pregnancy considerations also require careful assessment. While animal research has not demonstrated 

teratogenic effects at clinically used field strengths, the potential risks to the developing human fetus, particularly 

during the first trimester, remain unclear. Therefore, current safety guidelines recommend that MRI during 

pregnancy be performed only when absolutely necessary, and gadolinium-based contrast agents should be avoided 

unless essential for diagnosis. One of the most critical safety aspects of static magnetic fields is their interaction 

with metallic implants and electronic devices. The B₀ field can exert substantial translational and rotational forces 

on ferromagnetic objects, posing serious risks of device displacement or injury. Implants such as aneurysm clips, 

orthopedic screws, or dental appliances must be evaluated for MRI compatibility prior to scanning. Moreover, 

active medical devices such as pacemakers, neurostimulators, or cochlear implants may experience 

electromagnetic interference that can lead to malfunction or failure. Thus, thorough pre-scan screening, device 

documentation, and safety protocols are essential to mitigate these risks. 

 

15.5.2. Time-Varying Gradient Magnetic Fields 

 

Gradient magnetic fields in MRI provide spatial encoding by dynamically varying the magnetic field strength 

along the three orthogonal axes (x, y, z). These rapidly switching fields, operating at audio frequencies between 

0.1 and 10 kHz, allow precise localization of MR signals but can also produce biologically relevant effects. One 

primary effect is peripheral nerve stimulation (PNS), which occurs when the rapidly changing magnetic fields 

induce electric currents and eddy currents in conductive body tissues, particularly nerves and muscles. If these 

induced currents exceed a physiological threshold, patients may experience involuntary muscle contractions, 

tingling, or twitching. PNS is especially common during sequences that require high gradient amplitudes or high 

slew rates, such as echo-planar imaging (EPI) used in functional MRI or diffusion tensor imaging. To mitigate 

these risks, international safety standards, including IEC and FDA guidelines, limit maximum gradient slew rates 

to typically ≤20 T/m/s for routine clinical use. Although higher slew rates may be allowed under controlled 

research conditions, careful monitoring is essential, as stimulation thresholds vary by body region and individual 

sensitivity, and excessive stimulation can lead to patient discomfort or motion artifacts. 

 

Acoustic Noise and Hearing Risk: Acoustic noise in MRI primarily originates from the rapid switching of 

gradient coils, which generates Lorentz forces that induce mechanical vibrations in the scanner structure. These 

vibrations produce loud, repetitive sounds, often reaching sound pressure levels between 110 and 130 decibels—

comparable to rock concerts or jet engines. Biologically and clinically, such intense noise exposure can lead to 

temporary threshold shifts, tinnitus, or even permanent hearing damage, with vulnerable populations such as 

children, sedated patients, or those undergoing multiple scans being particularly at risk. Additionally, the high 

noise levels can increase patient anxiety and reduce compliance during imaging procedures. Protective strategies 

include mandatory use of hearing protection devices, such as earplugs or earmuffs, for patients, technologists, and 

accompanying personnel. Advances in scanner design, including quieter gradient coils and optimized pulse 

sequences (so-called “quiet MRI”), help reduce noise output without compromising image quality, while acoustic 

shielding and sound-dampening materials in MRI suites further mitigate auditory exposure. 

 

15.5.3. Radiofrequency (RF) Electromagnetic Fields 

 

In magnetic resonance imaging (MRI), radiofrequency (RF) electromagnetic fields play a pivotal role in signal 

generation and image formation. RF pulses are applied at frequencies typically ranging from 10 to 200 MHz, 
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depending on the strength of the static magnetic field (B₀). For example, at 1.5 Tesla, the RF frequency used to 

excite hydrogen nuclei is approximately 64 MHz. These pulses are transmitted via the RF transmit coil, which 

induces excitation of hydrogen protons aligned by the B₀ field. When protons return to equilibrium, they emit RF 

signals that are detected by receiver coils to generate the MR image. However, this process also involves the 

absorption of electromagnetic energy by body tissues, leading to dielectric heating, which is quantified by a 

parameter known as the Specific Absorption Rate (SAR). 

 

Thermal Effects and SAR Limits  
 
Thermal effects in MRI arise from the absorption of radiofrequency (RF) energy by body tissues, quantified as 

the Specific Absorption Rate (SAR), expressed in watts per kilogram (W/kg). SAR indicates the rate at which RF 

energy is converted into heat, making it a critical safety parameter, as excessive energy deposition can elevate 

tissue temperature and potentially cause thermal injury. To mitigate these risks, regulatory bodies such as the 

International Electrotechnical Commission (IEC) and the U.S. Food and Drug Administration (FDA) have defined 

SAR limits for clinical MRI. In the normal operating mode, these limits are set at ≤2.0 W/kg for whole-body 

exposure, ≤3.2 W/kg for head exposure, and ≤10 W/kg for localized regions such as extremities. Actual SAR 

experienced by a patient depends on several factors, including body size, anatomical region, scanning sequence 

parameters, RF pulse duration, and the specific hardware configuration of the MRI system. Advanced imaging 

sequences, such as fast spin-echo (FSE), parallel imaging, and MR spectroscopy, often involve higher RF energy 

deposition, necessitating careful monitoring and real-time modulation of SAR to maintain patient safety while 

achieving optimal image quality. 

 

Thermal Injuries and Burn Risks: Despite regulatory SAR thresholds, localized tissue heating can still occur 

under specific conditions, leading to thermal injuries. These injuries can manifest as first- or second-degree burns, 

particularly in areas where conductive loops are formed. For example, skin-to-skin contact in regions such as the 

thighs, arms, or under the chin can form closed conductive circuits, concentrating RF energy and generating 

excessive heat. Additional risk factors include contact with conductive materials such as ECG electrodes, cables, 

pulse oximeter wires, or metallic implants, which may act as unintended antennas. Improper use or placement of 

these accessories significantly increases the risk of burns. Moreover, metallic threads in clothing, RF-sensitive 

patches, or transdermal drug delivery systems can also absorb RF energy and cause local overheating. Therefore, 

patients should always wear MRI-compatible garments and be thoroughly screened for any metallic objects prior 

to the scan. Ensuring adequate insulation and using non-looped positioning of cables and extremities are essential 

preventive strategies. Certain patient populations are more susceptible to RF-related adverse effects. Obese 

individuals often exhibit higher SAR values due to greater tissue mass and reduced surface area for heat 

dissipation. Their thermoregulatory mechanisms may also be compromised, increasing the risk of core 

temperature elevation. Febrile or sedated patients may not effectively perceive or communicate discomfort or heat 

sensations during scanning, delaying the detection of harmful thermal effects. Pediatric patients, due to their 

smaller body mass and distinct tissue conductivity, require special SAR calculations and protocol adjustments to 

ensure safety. MRI facilities should always adapt imaging protocols based on patient-specific risk factors and 

physiological conditions. 

 

Interaction with Implants, Devices, and Tattoos: The interaction of RF fields with implanted devices, metallic 

objects, and tattoos is a significant safety concern. Passive metallic implants such as orthopedic prostheses, dental 

amalgams, and surgical clips may act as conduits for RF energy, causing localized heating or discomfort. While 

many modern implants are labeled as “MRI-safe” or “MRI-conditional,” it is crucial to review the manufacturer's 

safety documentation for each device. Patients with implants should be scanned using low-SAR protocols and 

monitored closely for any adverse effects. More critically, active electronic implants such as pacemakers, 

implantable cardioverter-defibrillators (ICDs), deep brain stimulators, and insulin pumps are particularly 

vulnerable to RF interference. The electromagnetic fields can induce eddy currents in device leads or circuitry, 

potentially causing malfunction, unintended stimulation, or device reset. In many cases, MRI is contraindicated 

unless the device is specifically designed to be MR-conditional and appropriate precautions—including device 

reprogramming and specialist supervision—are taken. Tattoos and body art can also pose RF-related risks. Some 
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tattoo inks contain ferromagnetic or conductive pigments, such as iron oxide, which can heat during RF exposure, 

causing burning sensations, discomfort, or skin irritation. Additionally, tattoos—especially large or freshly 

applied ones—may generate magnetic susceptibility artifacts that degrade image quality. It is advisable to assess 

patients for tattoos in sensitive anatomical locations and, when necessary, apply cold packs or monitor 

continuously during imaging. 

 

15.5.4. Additional MRI Safety Considerations 
 

While RF-related effects are a major component of MRI safety, several additional hazards must be considered. 

The magnetohydrodynamic effect, wherein blood flow in the static magnetic field induces voltage changes, can 

distort ECG waveforms during cardiac MRI, requiring the use of MRI-compatible ECG gating systems. In systems 

with superconducting magnets, the risk of cryogen quench—an emergency event where liquid helium vaporizes 

rapidly—requires proper ventilation design to prevent asphyxiation, hypoxia, or frostbite due to helium gas 

displacement of oxygen. Furthermore, occupational exposure to RF fields and time-varying magnetic gradients is 

an area of ongoing concern for MRI personnel. Repeated positioning of patients near the magnet, especially in 

ultra-high-field environments, may expose staff to subclinical vestibular, cognitive, or neurobehavioral effects. 

Strict adherence to occupational safety limits, use of non-ferromagnetic tools, and continuous training in MRI 

safety protocols are essential for minimizing risks. Patient communication and monitoring throughout the MRI 

procedure are indispensable. Continuous verbal contact, the use of panic buttons, physiological monitoring, and 

comfort measures such as blankets or padding can help detect and address discomfort early, preventing escalation 

to more serious adverse events. Comprehensive pre-screening, technologist vigilance, and patient education form 

the foundation of a safe and successful MRI examination. 

 

15.6. MRI SIGNS AND EQUIPMENT 

 
Magnetic Resonance Imaging (MRI) stands as a cornerstone of modern diagnostic radiology, offering high-

resolution visualization of soft tissues without the use of ionizing radiation. The increasing complexity and 

operational power of MRI systems, particularly high-field strength magnets, have elevated concerns regarding 

safety within the MRI environment. Given the invisible and persistent presence of strong magnetic and 

electromagnetic fields, the implementation of clear and standardized MRI safety protocols is paramount. Among 

the most essential components ensuring safe and effective MRI operations are the use of specialized MRI signs 

and the deployment of MRI-compatible equipment. These elements together form a comprehensive safety 

framework that alerts, guides, and protects patients, staff, and visitors from potential hazards associated with MRI 

procedures. 

 

MRI signage plays a vital role in managing safety within an MRI facility by providing visual cues and warnings 

regarding the presence and extent of magnetic and electromagnetic fields. Since the hazards associated with MRI 

are largely invisible—such as the static magnetic field (B₀), radiofrequency (RF) pulses, and rapidly changing 

gradient magnetic fields—signs become the primary mode of hazard communication. Effective signage minimizes 

the risk of accidents by alerting unauthorized personnel, informing patients, and directing staff in accordance with 

standardized safety protocols. One of the most severe risks in MRI suites is the projectile effect, where 

ferromagnetic objects are pulled into the magnetic field with great force. In addition, the presence of implanted 

devices, such as pacemakers, aneurysm clips, and cochlear implants, can pose life-threatening risks if not 

identified beforehand. Well-placed signs can prevent such incidents by restricting access and ensuring that all 

personnel and patients undergo proper screening. Moreover, signs serve to distinguish between different types of 

equipment—labeling them as MRI Safe, MRI Conditional, or MRI Unsafe—in accordance with guidelines from 

authorities like the American College of Radiology (ACR) and the International Electrotechnical Commission 

(IEC). These classifications are visually represented using color-coded symbols, such as green circles for safe 

items, yellow triangles for conditionally safe ones, and red crosses for unsafe materials. Overall, MRI signage 

provides a standardized language of safety within the unique and potentially dangerous environment of the MRI 

suite. To systematically regulate movement and restrict access in MRI facilities, the American College of 

Radiology (ACR) has proposed a zoning concept that divides MRI suites into four distinct zones, each with 
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specific access rules and safety signage. These zones help ensure that individuals are only exposed to magnetic 

fields if properly informed and screened, thereby reducing risks of accidents and adverse events. 

 

 
 

Fog: 15.3. Demonstrating the Different MRI Zones 

 

 Zone I is the outermost area and includes regions that are accessible to the general public without any 

restrictions. This zone may encompass waiting rooms, reception areas, or hallways adjacent to the MRI 

suite. Since there is no magnetic field exposure in this area, specialized MRI signage is generally 

unnecessary, and only routine facility signs are present. 

 Zone II functions as the transition area between public access and the controlled MRI environment. It 

typically includes patient interview rooms and preliminary screening areas. Here, patients are evaluated 

for contraindications, such as metallic implants, tattoos, or pregnancy. Signage in Zone II usually consists 

of advisory warnings such as “No Entry Without MRI Screening”, alerting individuals that further access 

is restricted unless authorized by MRI personnel. This zone serves as a checkpoint to ensure safety 

compliance before entry into higher-risk areas. 

 Zone III marks a critical access-controlled area, where the magnetic field strength begins to pose a 

potential hazard. Entry into Zone III is strictly limited to MRI-trained staff and fully screened individuals. 

Improper access in this zone could result in serious injury or equipment malfunction. Prominent signage 

is essential, including messages such as “Danger: Strong Magnetic Field – Restricted Access” and “No 

Ferromagnetic Objects Beyond This Point.” Red warning lights or illuminated signs are commonly 

installed to activate when the MRI scanner is operational, providing real-time alerts about potential 

hazards. Additionally, entry points to this zone are often controlled with badge-access or other secure 

mechanisms to enforce compliance. 

 Zone IV is the MRI scanner room itself and represents the highest-risk zone, as it contains the active 

magnetic field generated by the superconducting magnet. The magnetic field in this room is always 

present—even when the scanner is not in active imaging mode—making it a constant safety concern. As 
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a result, signage in Zone IV must be comprehensive and clear. Standard signs include “Zone IV – MRI 

Scanner Room: Magnetic Field is Always On” and visual symbols, such as the image of a bar magnet 

with a red cross, indicating that ferromagnetic materials are strictly prohibited. Additionally, safety 

instructions regarding emergency procedures, such as how to initiate a quench (magnet shut-down), must 

be posted visibly. Emergency stop buttons should be labeled, and quench pipes should be clearly marked 

to guide appropriate actions in the event of a safety breach or equipment failure. 

 

Proper implementation of the zone system and associated signage helps prevent unauthorized access, ensures 

thorough patient screening, and maintains environmental control over potentially hazardous equipment and 

materials. This zoning strategy has been globally recognized and adopted in most MRI practices to foster a culture 

of safety and compliance. 

 

15.6.1. Universal MRI Safety Symbols 

 

In the high-risk environment of MRI facilities, rapid and clear communication of hazards is essential. To 

supplement written warnings and reduce reliance on language proficiency, universal safety symbols are employed 

extensively. These symbols serve as immediate, intuitive visual cues that convey critical information about the 

safety status of objects, devices, or areas within the MRI environment. Their standardized use ensures consistent 

understanding among healthcare professionals, patients, and visitors worldwide.  

 

 
Fig: 15.4. Universal MRI Safety Symbol 

 

The MR Safe symbol is characterized by a green square background with white text or iconography. This 

designation indicates that the labeled item—whether it is an implant, medical device, or piece of equipment—

poses no known risks in any MRI environment, regardless of the magnetic field strength or scanner configuration. 

Items marked as MR Safe have undergone rigorous testing and certification to confirm their inertness and 

compatibility with all MRI conditions. The MR Conditional symbol appears as a yellow triangle bordered in 

black, containing text or icons that specify conditional safety. This classification means that the item is safe only 

when certain parameters or conditions are strictly observed. For example, a device may be safe only below a 
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specific static magnetic field strength (such as 1.5 Tesla), within defined spatial gradients, or when certain 

radiofrequency power limits are respected. The conditions under which MR Conditional items can be used are 

usually detailed in accompanying documentation, and failure to comply with these conditions may result in device 

malfunction or patient injury. The most critical warning symbol is the MR Unsafe label, depicted as a red circle 

with a diagonal line crossing out a magnet symbol. Items bearing this mark are strictly prohibited from entering 

the MRI environment under any circumstances, as they can pose serious dangers. MR Unsafe materials include 

ferromagnetic metals, certain electronic devices, and implants that can be displaced or heated by the magnetic 

fields. The presence of such items can lead to projectile accidents, device failure, or burns, endangering both 

patients and staff. These universal symbols are applied not only to standalone equipment but also to implants, 

surgical instruments, monitoring devices, and accessories brought into the MRI suite. Their consistent use is 

mandated by regulatory bodies and international standards to ensure safety is maintained through clear, 

unambiguous labelling. 

 

15.6.2. Special Signage for Emergency and Hazardous Conditions 

 

Beyond routine safety warnings, MRI facilities require specialized signage to address unique hazards and 

emergency situations intrinsic to MRI technology. These signs are essential to prepare staff for potential crises 

and to minimize risks associated with the MRI environment’s specialized infrastructure. One critical signage 

category relates to the quench pipe system, which safely vents cryogenic gases used to cool the MRI’s 

superconducting magnet. In the event of a magnet quench—an abrupt loss of superconductivity causing the 

magnet to rapidly warm—liquid helium is released and vented through the quench pipe to prevent damage. Signs 

identifying the location and function of the quench pipe system alert maintenance personnel and emergency 

responders to this critical infrastructure. Proper awareness of the quench pipe prevents accidental blockage and 

informs staff of the venting path to avoid exposure to cold helium gas. Another essential signage type concerns 

the radiofrequency (RF) shielding. MRI rooms are enclosed within Faraday cages designed to block external RF 

interference and ensure image quality. Signage warning against structural modifications or mechanical 

interference with the RF shield is necessary to maintain its integrity. Damage to this shield can cause image 

artifacts, equipment malfunction, and compromise patient safety. Facilities also employ cryogen hazard signs to 

alert personnel to the risks of asphyxiation or cold burns due to helium leaks. These signs remind staff that the 

sudden release of helium gas can displace oxygen in confined spaces, posing a life-threatening hazard. Clear 

labeling ensures staff are trained to recognize and respond to such emergencies appropriately. Finally, emergency 

stop and quench warning signs are critical fixtures in MRI rooms. These provide instructions on the location and 

proper use of emergency shutdown buttons and describe the consequences of initiating a quench. While quenching 

quickly deactivates the magnet, it also releases large amounts of cryogens and causes equipment downtime, so it 

is reserved strictly for life-threatening emergencies. The signage educates staff on the importance of using these 

controls judiciously and underlines the potential operational impacts. Together, these specialized signs create an 

informed environment where emergency actions can be performed safely and efficiently, minimizing risks to 

personnel and patients while protecting valuable MRI equipment. 

 

15.7. MRI EQUIPMENT AND COMPATIBILITY 

 
The MRI environment poses unique challenges to the safe operation of medical and non-medical devices due to 

the presence of a strong and constantly active static magnetic field (B₀), along with associated radiofrequency and 

gradient fields. Equipment intended for use in the MRI scanner room, especially within Zone IV, must be 

rigorously tested and certified to be compatible with these magnetic fields to prevent hazards such as projectile 

accidents, device malfunction, or interference with image quality. MRI-compatible or MRI-conditional equipment 

refers to those devices that have demonstrated safety and functionality within this specialized environment, often 

through compliance with internationally recognized testing standards and labeling. 

 

Categories of MRI Equipment: MRI equipment broadly falls into three main categories based on their functional 

role within the MRI suite: diagnostic, life support, and non-diagnostic equipment. 
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 Diagnostic Equipment includes components integral to image acquisition and patient monitoring. This 

category encompasses various types of coils—such as body coils, head coils, surface coils, and phased 

array coils—that transmit and receive the radiofrequency signals necessary for generating MRI images. 

Additionally, MRI-compatible contrast injectors are specifically engineered from non-magnetic materials 

to safely deliver contrast agents without risk of interference or hazard. Patient monitoring devices in this 

category include MR-safe electrocardiogram (ECG) monitors, pulse oximeters, blood pressure monitors, 

and capnography units, all designed to operate accurately despite the electromagnetic fields within the 

MRI suite. 

 Life Support Equipment consists of critical devices required for maintaining patient safety and stability 

during imaging procedures, especially for sedated or critically ill patients. MRI-compatible ventilators 

ensure continuous respiratory support without risk of magnetic attraction or malfunction. Anesthesia 

machines utilized within or near MRI rooms are constructed from non-magnetic materials and often 

incorporate extended tubing to keep the bulk of the device outside high-field zones, minimizing risk. 

Special models of defibrillators and suction pumps are also available, designed to either function safely 

near the scanner or be stationed just outside the magnetic field boundary. 

 Non-Diagnostic Equipment includes patient transport aids such as wheelchairs and stretchers, which 

must be fabricated entirely from non-ferromagnetic materials like carbon fiber, aluminum, or specialized 

plastics to prevent any magnetic interaction. Infusion pumps designed for MRI use maintain accurate drug 

delivery performance without susceptibility to electromagnetic interference. Communication systems—

such as intercoms and panic alarm buttons—are constructed with materials compatible with the 

radiofrequency environment, ensuring reliable operation throughout the MRI suite. 

 

Equipment Classification Based on MR Safety 

 

To ensure standardized safety practices in MRI environments, all equipment is classified according to guidelines 

established by ASTM International and the U.S. Food and Drug Administration (FDA). These classifications 

define the conditions under which equipment may be safely used in and around MRI scanners. 

 

Table: 15.1. Classification of MRI Equipment Based on Safety 

Category Definition Examples Usage Considerations 

MR Safe Non-metallic, non-conductive, and 

non-magnetic; poses no known 

hazards in any MRI environment. 

Plastic stretchers, 

ceramic tools 

Can be freely used in Zones III 

and IV; no restrictions on field 

strength or orientation. 

MR 

Conditional 

Safe for use only under specific 

conditions such as limited magnetic 

field strength, spatial gradient, RF 

power (SAR), or device orientation. 

Certain infusion 

pumps, orthopedic 

implants certified for 

1.5T or 3.0T 

Must follow manufacturer-

specified conditions strictly; 

improper use may result in 

injury or equipment 

malfunction. 

MR Unsafe Considered hazardous under all 

MRI conditions due to 

ferromagnetic content or 

susceptibility to electromagnetic 

interference. 

Steel oxygen tanks, 

traditional 

ferromagnetic hospital 

beds 

Must never enter Zones III or 

IV; presence can cause severe 

injury or fatal incidents. 

 

Key Points for Safe MRI Practice: 
1. Verification Before Use: All equipment must be checked for proper classification prior to introduction 

into the MRI environment. 

2. Staff Education: Continuous training on MRI safety protocols is essential to prevent human error and 

mislabeling incidents. 
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3. Strict Compliance: Adherence to manufacturer instructions and MRI facility protocols is mandatory, 

particularly for MR Conditional equipment. This structured classification ensures safe operation within 

MRI suites, minimizing risk to patients, operators, and equipment. 

 

Equipment Maintenance and Quality Assurance: Maintaining MRI-compatible equipment involves rigorous 

quality assurance protocols to ensure ongoing safety and optimal performance. Regular physical inspections are 

critical, especially for components such as coils, where cable damage or insulation failure can cause safety hazards 

or degrade image quality. Monitoring devices must be routinely tested for electromagnetic interference (EMI) to 

prevent signal disruption or incorrect physiological readings during imaging. Routine RF leakage tests verify that 

the MRI room’s shielding remains intact and that equipment does not emit stray radiofrequency signals that could 

degrade imaging or patient safety. Cleaning and disinfection procedures require special attention to avoid 

corrosion or damage to delicate non-metallic materials often used in MRI-compatible devices. Furthermore, 

battery-operated devices must be monitored for leakage, overheating, and interference caused by the magnetic 

field to prevent malfunction or hazards. Comprehensive maintenance ensures not only the durability and 

functionality of equipment but also the continued protection of patients and staff in the MRI environment. 

 

Emergency Equipment in MRI Suites: MRI suites must be equipped with emergency tools and supplies 

specifically designed for the magnetic environment. Fire extinguishers used in these areas are typically CO₂-based 

with cylinders made of non-ferrous materials to avoid attraction to the magnet. Oxygen supply systems, including 

wall-mounted lines and piping, are fabricated from non-magnetic materials such as copper or specialized alloys 

to prevent interference. Rescue tools like scissors, cutters, and evacuation devices must be constructed from MRI-

safe materials such as plastic or titanium, ensuring they can be used safely in emergencies without risk of 

becoming projectiles. Strict protocols govern the use of this emergency equipment, and only personnel trained in 

MRI safety should operate these tools. In cases of emergencies such as a magnet quench or fire, rapid evacuation 

is paramount. Clear signage and training support staff in taking immediate, effective action while minimizing risk. 

 

Advances in MRI Equipment Technology: Technological innovations continue to enhance safety and efficiency 

in MRI suites. One significant advancement is the development of wireless MRI monitoring systems, which 

reduce hazards posed by cables and loops that can induce currents or heating. These devices, often Bluetooth-

enabled, incorporate shielding and filtering techniques to operate reliably within the MRI’s electromagnetic 

environment. The advent of smart coils—equipped with self-calibration capabilities and embedded memory—

allows for automatic adjustment of imaging parameters, improving image quality and reducing operator 

dependency. These coils enhance workflow by streamlining setup and reducing scanning errors. Safety at facility 

access points has been improved by magnet detection systems, which alert staff if unauthorized ferromagnetic 

objects are brought near the scanner room, preventing potential accidents before they occur. Additionally, the 

development of portable MRI systems operating at very low field strengths (e.g., 0.064 Tesla) enables bedside 

imaging in critical care and emergency settings, expanding the reach of MRI technology beyond traditional fixed 

scanners. Collectively, these innovations contribute to safer, more flexible, and patient-friendly MRI practices, 

broadening the applicability of this powerful imaging modality. 

 

15.8. MRI ACCIDENTS 

 
Magnetic Resonance Imaging (MRI) is globally regarded as one of the safest diagnostic imaging modalities due 

to its non-ionizing radiation and unparalleled soft tissue contrast capabilities. However, despite its clinical utility, 

MRI carries a distinct and significant set of safety hazards that can result in accidental injuries or fatalities if not 

properly managed. These hazards arise from the powerful and invisible electromagnetic fields—namely the static 

magnetic field (B₀), the time-varying gradient magnetic fields, and the radiofrequency (RF) fields—used during 

imaging. MRI accidents are not merely theoretical risks; real-world incidents have demonstrated that breaches in 

safety protocols, human errors, and technical oversights can lead to catastrophic outcomes. This chapter presents 

a comprehensive examination of MRI accidents, including their causes, classification, notable case studies, and 

strategies for prevention. MRI-related accidents can be broadly classified into five major categories: 
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1. Projectile Incidents 

2. Thermal Injuries and Burns 

3. Implant and Device Malfunction 

4. Peripheral Nerve Stimulation and Physiological Effects 

5. Environmental and Infrastructure Failures 

 

Each of these categories is associated with specific electromagnetic interactions and failure modes. Understanding 

them individually is essential for the development of a comprehensive MRI safety program. 

 

15.8.1. Projectile Incidents 
 

Projectile accidents are perhaps the most visually dramatic and dangerous events that can occur in an MRI 

environment. They are caused by the static magnetic field (B₀), which is always active and capable of exerting 

strong attractive forces on ferromagnetic objects. When a ferromagnetic object enters the magnetic field, it 

experiences a force that pulls it toward the center of the bore with high acceleration. This can transform seemingly 

harmless objects such as scissors, wheelchairs, or gas cylinders into deadly projectiles. A highly publicized 

example of such an accident occurred in 2001 at a hospital in New York, where a 6-year-old child was killed 

during a routine MRI scan. An MRI-compatible anesthesia machine was unavailable, and a standard oxygen tank 

was inadvertently brought into the MRI room. The magnetic force pulled the cylinder into the bore, striking the 

child in the head and causing fatal injuries.  

 

 
 

Fig: 15.5. Some Example of Projectile Accident in MRI 

 

This case underscores the lethality of projectile effects and the critical need for rigorous screening and zone 

management. To prevent such accidents, MRI facilities are divided into four safety zones as per the American 

College of Radiology (ACR) guidance. Zone IV, the magnet room itself, is restricted to properly screened 

individuals and equipment only. The implementation of ferromagnetic detection systems, proper staff training, 

and visual reminders such as floor markings and signage also play a key role in preventing unauthorized entry of 

dangerous materials. 

 

15.8.2. Thermal Injuries and RF-Induced Burns 
 

Another prevalent type of MRI accident involves thermal injuries, primarily caused by RF field interactions with 

conductive materials on or inside the body. The radiofrequency energy used in MRI generates heat in tissues due 

to energy absorption, quantified by the Specific Absorption Rate (SAR). However, when conductive materials 

such as ECG leads, pulse oximeter cables, or even metallic threads in clothing form loops or act as antennas, they 

can concentrate this energy and cause focal heating or burns. Burn injuries are among the most commonly reported 

adverse events in MRI. These burns may occur at contact points between the patient’s skin and cables, between 

skin folds, or where metallic implants are present. A well-documented case involved a patient who sustained 

second-degree burns on the back of the thigh during a lumbar spine scan due to crossed legs forming a conductive 

loop. In another case, a tattoo containing metallic ink caused localized skin burns during an MRI scan. Preventive 

strategies include ensuring that all patient contacts are insulated, cables are laid straight and away from the skin, 

and that no closed loops are formed by limbs or wires. Patients should remove all metallic objects, including 

piercings, underwire bras, hairpins, and non-MRI-compatible clothing. Skin-to-skin contact areas should be 
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padded, and special care must be taken with pediatric and unconscious patients who cannot report heating 

sensations. 

 

 
Fig: 15.6. Example of MRI Burns 

 

15.8.3. Implanted Medical Devices and Equipment Malfunction 
 

The interaction of MRI fields with implanted medical devices such as pacemakers, cochlear implants, spinal 

stimulators, and insulin pumps presents significant risks. These devices may contain ferromagnetic components 

or conductive leads that are susceptible to displacement, malfunction, or RF-induced heating. In MRI, even a non-

ferromagnetic implant may act as a receiver for RF energy, generating heat at the lead tip and causing tissue 

damage. For many years, cardiac pacemakers were considered absolute contraindications for MRI. However, 

advancements have led to the development of MRI-conditional devices that can be safely imaged under specific 

conditions. Despite this progress, incidents still occur due to lack of proper documentation, miscommunication, 

or failure to adhere to conditional scanning protocols. In one reported case, a patient with an undocumented 

implantable loop recorder underwent an MRI scan, resulting in device failure and loss of diagnostic data. To 

prevent device-related incidents, thorough MRI screening is essential. This includes using structured 

questionnaires, reviewing surgical history, consulting implant manufacturers, and utilizing implant registries. All 

staff must be trained to recognize the importance of device labeling and to interpret the safety labeling—MRI 

Safe, MRI Conditional, and MRI Unsafe—correctly. Special attention is also required when imaging patients with 

orthopedic hardware, vascular stents, or prosthetic heart valves, as each has different safety profiles. 

 

15.8.4. Physiological Effects 
 

The rapidly switching gradient magnetic fields used in MRI can cause peripheral nerve stimulation (PNS), an 

effect wherein electrical currents induced in the body stimulate sensory or motor nerves. While generally not 

harmful, this can lead to sensations of tingling, muscle twitching, or discomfort. In some cases, the stimulation 

may be painful and result in early scan termination. Acoustic noise is another physiological concern. The loud 

knocking and pulsating sounds produced by gradient coils during scanning can exceed 120 decibels, enough to 

cause temporary or permanent hearing loss. In one case, a sedated patient experienced hearing loss after 

undergoing MRI without adequate ear protection, as staff were unaware that the earplugs had dislodged during 

positioning. Standard precautions include providing every patient with MRI-compatible hearing protection, such 

as foam plugs or earmuffs. For pediatric or sedated patients, extra checks should be conducted to ensure protection 

is secure throughout the scan. Moreover, newer MRI systems incorporate quieter sequences and sound-dampening 

technology, but vigilance remains necessary. 

 

15.8.5. Environmental and System Failures 
 

MRI accidents can also stem from failures in the MRI suite infrastructure, including the Faraday cage, ventilation 

system, and cryogen management. The Faraday cage shields the MRI scanner from external RF interference; if 

this cage is damaged or improperly installed, image quality may degrade, or electromagnetic interference may 

pose safety risks. Systemic issues may also arise from poor grounding, faulty electrical circuits, or inadequate 

environmental controls. Quench events, though rare, are emergencies in which the cryogenic coolant (liquid 

helium) rapidly evaporates, causing the magnet to lose superconductivity. If helium gas is released into the room 

without proper ventilation, it can displace oxygen and create a suffocation hazard. In 2009, a European hospital 
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experienced a quench that released helium into the room, forcing evacuation and leading to patient injury due to 

oxygen deprivation. All MRI rooms must therefore include oxygen monitoring sensors, emergency exhaust vents, 

and staff training in quench protocols. Power outages, HVAC failure, and backup generator failure during 

scanning can also endanger patients, especially those under sedation or with dependent devices. Standard 

operating procedures must be in place to safely remove patients and stabilize them in the event of a systems 

failure. 

 

15.8.6. Root Causes and Human Error 
 

A large percentage of MRI accidents are attributable to human error and procedural lapses rather than equipment 

malfunction. These include improper screening, inadequate communication, ignoring safety labels, untrained staff 

entering restricted areas, and failure to monitor patients during the scan. Communication breakdown between 

radiology staff, referring clinicians, and biomedical engineers also contributes to unsafe scenarios. For example, 

failure to inform MRI technologists about a patient’s implanted cardiac monitor has led to multiple incidents of 

device malfunction. Likewise, new staff unfamiliar with zoning protocols may inadvertently bring ferromagnetic 

equipment into Zone IV, exposing patients to unnecessary risk. A strong culture of safety, ongoing staff education, 

incident reporting systems, and root-cause analysis of near-misses are vital to preventing recurrence. Institutions 

should implement routine drills, display MRI safety signage prominently, and appoint an MRI Safety Officer 

(MRSO) and MRI Medical Director (MRMD) to oversee compliance with international safety standards. 

 

15.9. MRI PERSONNEL 

 
Magnetic Resonance Imaging (MRI) is an advanced imaging modality that utilizes strong magnetic fields, 

gradient fields, and radiofrequency (RF) pulses to generate detailed anatomical and functional images. The 

inherent complexity and potential hazards associated with MRI necessitate the involvement of well-trained and 

vigilant personnel to ensure patient safety, maintain equipment integrity, and optimize image quality. MRI 

personnel are not only responsible for operating the scanner and managing imaging protocols but also play a 

central role in patient preparation, emergency management, and enforcing MRI safety protocols. The dynamic 

and often high-risk environment of the MRI suite demands specialized knowledge, precise coordination, and a 

high degree of responsibility from all staff members. In recognition of the varying levels of interaction and 

responsibility, professional bodies such as the American College of Radiology (ACR) and the International 

Society for Magnetic Resonance in Medicine (ISMRM) have categorized MRI personnel into distinct levels based 

on their training, access privileges, and functional roles within the MRI suite. 

 

15.9.1. Classification of MRI Personnel 
 

MRI personnel are broadly categorized into three levels: Level 1 MRI Personnel, Level 2 MRI Personnel, and 

Non-MRI Personnel. This classification is designed to ensure that only adequately trained individuals are allowed 

to access restricted areas, particularly Zones III and IV, where the risks associated with strong magnetic fields and 

other electromagnetic emissions are highest. 

 

A. Level 1 MRI Personnel: Level 1 MRI personnel are individuals who have received basic instruction and 

orientation on MRI safety practices. Their training generally covers fundamental topics such as the presence and 

dangers of static magnetic fields, projectile risks, and the significance of MRI safety zones. While they do not 

operate the scanner or directly manage patient care during scanning, they may have tasks that require occasional 

presence in controlled MRI zones. Examples of Level 1 personnel include patient transporters, clerical staff, 

custodial workers, and support staff who may assist with non-clinical operations such as patient scheduling or 

guiding patients into changing areas. They are allowed access to Zone III only under the direct supervision of 

Level 2 MRI personnel and are strictly prohibited from independently entering Zone IV. Their limited training 

ensures basic awareness while minimizing the potential for hazardous behavior in proximity to MRI systems. 

 

B. Level 2 MRI Personnel: Level 2 MRI personnel have undergone extensive and recurrent training specific to  
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MRI physics, biological effects, safety procedures, emergency response, and equipment handling. They are 

directly involved in clinical MRI operations and are authorized to enter and work independently within Zones III 

and IV. This group includes MRI technologists, radiologists, MRI-trained nurses, anesthesiologists, and medical 

physicists. Their responsibilities encompass patient screening (including identifying implants, devices, and 

metallic objects), equipment setup, contrast administration, scanner operation, image acquisition, and real-time 

patient monitoring. They are also trained to manage MRI-related emergencies such as code blue scenarios within 

the magnet room, adverse reactions to contrast agents, and quench events. In addition, Level 2 personnel are 

tasked with supervising and guiding Level 1 personnel to ensure safe conduct in restricted zones. Their ongoing 

education is critical in keeping pace with technological advancements and safety guidelines. 
 

C. Non-MRI Personnel: Non-MRI personnel are those who have not received any MRI safety training and are 

not authorized to enter controlled MRI zones (Zone III or IV) under any circumstances. This category includes 

hospital staff from other departments, construction or maintenance workers, visiting consultants, vendors, and 

even patients’ family members. If their presence is required in the MRI suite for a specific reason, they must be 

screened for MRI safety and accompanied at all times by trained Level 2 personnel. Unauthorized access by non-

MRI personnel has been a major contributor to several MRI-related accidents, including projectile incidents and 

equipment damage, highlighting the need for strict access control and supervision. 

 

15.9.2. Core Responsibilities of MRI Personnel 
 

MRI personnel bear a wide range of responsibilities that extend far beyond mere scanner operation. Their roles 

are vital in ensuring patient safety, comfort, and diagnostic efficacy: 

 Patient Screening: MRI technologists and radiologists must thoroughly evaluate patients for 

contraindications, including metallic implants, pacemakers, aneurysm clips, metallic foreign bodies, and 

electronic devices. Comprehensive safety screening forms and in-person interviews are used to identify 

potential risks before the patient enters Zone III. 

 Zone Access Management: Personnel must ensure that all access to Zones III and IV is restricted to 

authorized individuals. Entry and exit points are often secured with badge-access or ferromagnetic 

detection systems, and it is the responsibility of Level 2 staff to enforce access rules. 

 Equipment Handling: All equipment used in or near the magnet room must be classified as MR Safe or 

MR Conditional. MRI technologists must be able to interpret these labels and ensure that any MR 

Conditional device is used under the conditions specified by the manufacturer and regulatory agencies. 

 Emergency Response: In the event of a patient emergency or equipment malfunction, MRI personnel 

must respond swiftly and appropriately. This includes performing CPR outside the magnet room, using 

MR-compatible emergency equipment, and executing evacuation protocols during a quench or fire. 

 Patient Care and Communication: Effective communication with patients, especially those who are 

anxious, pediatric, elderly, or have disabilities, is essential. MRI technologists must explain procedures, 

provide comfort, and monitor patient well-being throughout the scan. 

 

15.9.3. MRI Safety Training Programs 
 

To ensure competency and minimize risk, all MRI personnel must undergo structured safety training programs 

tailored to their level. Training is typically conducted during onboarding and is reinforced with annual refresher 

courses, competency tests, and scenario-based drills. Key components of MRI safety training include: 

 MRI Physics and Field Effects: Understanding the interactions of B₀ (static magnetic field), B₁ (RF 

field), and gradient fields with human tissue and medical devices. 

 Hazard Awareness: Identifying risks such as RF burns, acoustic noise, nephrogenic systemic fibrosis 

(from gadolinium contrast), and projectile accidents. 

 Zone Classification and Access Protocols: Detailed instruction on MRI safety zones and movement 

restrictions within the facility. 

 Implant Safety Evaluation: Guidance on interpreting implant safety information and manufacturer 

guidelines. 
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 Emergency Protocols: Response strategies for medical emergencies, fire, code blue situations, and 

magnet quench events. 

 Hands-On Training: Use of MRI-compatible devices, emergency tools, screening equipment, and 

communication systems within the suite. Documented completion of this training is often required by 

accrediting bodies and institutional protocols. 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

End of Chapter 
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